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(54) Photochromic gyricon display 

(57) Disclosed is a display comprising an arrangement of a plurality of optically anisotropic rotatable elements, 
each of the rotatable elements having a surface in contact with an enabling fluid, the rotatable elements being electrically 
dipolar in the presence of the enabling fluid and thus being subject to rotation upon application of an electric field, the 
rotatable elements being free to rotate in place but not free to translate substantially so as to disrupt the arrangement 



of rotatable elements, wherein a first portion of the surface contains a mixture of a chelating agent and a spiropyran 
material of the formula 




(CH2)n 



or 
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Description 

BACKGROUND OF THE INVENTION 

5 [0001] The present invention is directed to a display. More specifically, the present invention is directed to a display 
having photochromic characteristics. One embodiment of the present invention is directed to a display comprising an 
arrangement of a plurality of optically anisotropic rotatable elements, each of said rotatable elements having a surface 
in contact with an enabling fluid, said rotatable elements being electrically dipolar in the presence of the enabling fluid 
and thus being subject to rotation upon application of an electric field, said rotatable elements being free to rotate in 

10 place but not free to translate substantially so as to disrupt the arrangement of rotatable elements, wherein a first 
portion of said surface contains a mixture of a chelating agent and a spiropyran material of the formula 




wherein n is an integer representing the number of repeat -CH 2 - units and R is -H or -CH=CH 2 , and wherein a second 
portion of said surface contains substantially no spiropyran. 

45 [0002] , Photochromism in general is a reversible change of a single chemical species between two states having 
distinguishably different absorption spectra, wherein the change is induced in at least one direction by the action of 
electromagnetic radiation. The inducing radiation, as well as the changes in the absorption spectra, are usually in the 
ultraviolet, visible, or infrared regions. In some instances, the change in one direction is thermally induced. The single 
chemical species can be a molecule or an ion, and the reversible change in states may be a conversion between two 

so molecules or ions, or the dissociation of a single molecule or ion into two or more species, with the reverse change 
being a recombination of the two or more species thus formed into the original molecule or ion. Photochromic phe- 
nomena are observed in both organic compounds, such as anils, disulfoxides, hydrazones, oxazones, semicarbazones, 
stilbene derivatives, o-nitrobenzyl derivatives, spiro compounds, and the like, and in inorganic compounds, such as 
metal oxides, alkaline earth metal sulfides, titanates, mercury compounds, copper compounds, minerals, transition 

55 metal compounds such as carbonyls, and the like. Photochromic materials are known in applications such as photo- 
chromic glasses, which are useful as, for example, ophthalmic lenses, 

[0003] Electric reusable paper can be defined as any electronically addressable display medium that approximates 
paper in form and function. Electric reusable paper ideally is light-weight, thin, and flexible, and ideally it displays 
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images indefinitely while consuming little or no power. In addition, electric reusable ideally is reusable so that the user 
is able to erase images and create new ones repeatedly. Preferably, electric reusable paper displays images using 
reflected light and allows a very wide viewing angle. 

[0004] One form of electric paper uses a gyricon or rotating element display. Gyricon or twisting ball displays typically 
5 are display systems in which the display panel comprises rotatable elements such as cylinders, prisms, or spherical 
balls that have an optical and an electrical anisotropy as a result of each hemisphere surface having a different color 
and a electrical charge in contact with a liquid. These rotatable elements are typically embedded in a solid substrate 
and a slight space between each rotatable element and the substrate is filled with a liquid so that the elements are 
free to rotate in a changing electrical field but cannot migrate from one location to another. If, for example, one hemi- 
10 sphere of the rotatable element is black and the other is white, each pixel can be turned on and off by the electrical 
field applied to that location. Each pixel can be individually addressed, and a full page image can thus be generated. 
[0005] Most commonly the solid substrate used in these displays is a gel, typically a silicone gel. The purpose of 
using this material lies in the remarkably large expansion in volume exhibited by gels when soaked in certain liquids 
refered to as plasticizing liquids. Thirty percent expansions are not uncommon when these materials are soaked in 
*5 silicone oils. The rotatable elements do not expand when contacted by the plasticizing liquid, so a cavity opens up 
around each rotatable element when the gel is immersed in a plasticizing liquid. This space fills with the plasticizing 
liquid. 

[0006] Other variations on these displays are also known, such as embodiments wherein the rotatable elements are 
individually enclosed in shells with the space between the inner surface of the shell and the outer surface of the rotatable 
20 element being filled with a dielectric liquid. The resultant capsules can then be dispersed in a second liquid, such as 
an optically clear epoxy, which can then be hardened. The resultant display is then in the form of a thin, paper-like 
sheet. Alternatively, the resultant display can easily be conformally coated on a non-planar surface for even greater 
flexibility of applications. 

[0007] Other variations on these displays include using rotatable elements of other than ball or sphere shape, such 

25 as cylinders, prisms, or the like. 

[0008] In some embodiments, the display comprises a thin substantially transparent sheet having many of the at- 
tributes of paper documents. It looks like paper, has ambient light valve behavior like paper (i.e. the brighter the ambient 
light, the more easily it may be seen), is flexible like paper, can be folded like paper, can be carried around tike paper, 
■'. can be written on like paper, can be copied like paper, and has nearly the archival memory of paper since the display 

30 typically retains an image indefinitely in the absence of an applied electric field. These embodiments are frequently 
referred to as "electric paper". The display provides a reuseable (and thus environmentally friendly) substitute for 
ordinary paper. In other embodiments, the display device has a rigid structure incorporating an array of addressing 
electrodes^ Upon application of an electrical field between electrodes located on opposite surfaces of the layer con- 
taining the bichromal elements, the elements rotate depending on the polarity of the field, presenting one or the other 

35 hemisphere to an observer. 

[0009] [IsTPatent 57633, 109 (Jennings et al.), the disclosure of which is totally incorporated herein by reference, 
discloses an ink composition which comprises an aqueous liquid vehicle, a photochromic material, and a vesicle- 
forming lipid, wherein vesicles of the lipid are present in the ink. 

[0010] U.S. Patent 5,593,486 (Oliver et al.), the disclosure of which is totally incorporated herein by reference, dis- 
40 closes a hot melt ink composition comprising (a) an ink vehicle, said ink vehicle being a solid at about 25°C and having 
a viscosity of from about 1 to about 20 centipoise at a temperature suitable for hot melt ink jet printing, said temperature 
being greater than about 45°C, (b) a photochromic material, (c) an optional colorant, and (d) an optional propellant. 
[0011] U.S. Patent 5,551 ,973 (Oliver et al.), the disclosure of which is totally incorporated herein by reference, dis- 
closes an ink composition which comprises an aqueous phase, an oil phase, a photochromic material, and a surfactant, 
45 said ink exhibiting a liquid crystalline gel phase at a first temperature and a liquid microemulsion phase at a second 
temperature higher than the first temperature. 

[0012] U.S. Patent 5,759,729 (Martin et al.), the disclosure of which is totally incorporated herein by reference, dis- 
closes a toner composition for the development of electrostatic latent images which comprises particles comprising a 
mixture of a resin and a photochromic material. Another embodiment of the present invention is directed to a liquid 

50 developer composition for the development of electrostatic latent images which comprises a nonaqueous liquid vehicle 
and a photochromic material, wherein the liquid developer has a resistivity of from about 10 8 to about 10 11 ohm-cm 
and a viscosity of from about 25 to about 500 centipoise. Yet another embodiment of the present invention is directed 
to a liquid developer composition for the development of electrostatic latent images which comprises a nonaqueous 
liquid vehicle, a charge control agent, and toner particles comprising a mixture of a resin and a photochromic material. 

55 [0013] U.S. Patent 5,71 0,420 (Martin et al.), the disclosure of which is totally incorporated herein by reference, dis- 
closes a method of embedding and recovering machine readable information on a substrate which comprises (a) writing 
data in a predetermined machine readable code format on the substrate with a photochromic marking material having 
a first state corresponding to a first absorption spectrum and a second state corresponding to a second absorption 
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spectrum; and (b) thereafter effecting a photochromic change in at least some of the photochrome marking material 
from the first state to the second state. 

[0014] James T. C. Wojtyk, Peter M. Kazmaier, and Erwin Buncel, "Effects of Metal Ion Complexation on the Spiro- 
pyran-Merocyanine Interconversion: Development of a Thermally Stable Photo-Switch," Chem. Commun. 1998, p. 
5 1703, the disclosure of which is totally incorporated herein by reference, discloses spectrophotometric absorption and 
fluorescence measurements of spiropyrans 



10 



15 



25 




, . (CH2)2 

lo 3 9 : 

35 

modified with chelating functionalities, in the presence of Ca 2+ and Zn 2+ , that provide evidence of a thermally stable 
spiropyran-merocyanine photoswitch that is modulated by the metal cations. 

[0015] U.S. Patent 4, 126,854 (Sheridon),the disclosure of which is totally incorporated herein by reference, discloses 
a display system in which the display panel comprises a plurality of particles which have an electrical anisotropy due 

40 to hemispherical surface coatings of different Zeta potential and their distribution in a volume of a dielectric liquid, and 
which also have an optica! anisotropy due to the hemispherical surface coatings having different optical characteristics 
which may be due to the color or other optical properties of the hemispherical coatings. Under the action of an external 
electric field, the particles will rotate in accordance with their electrical anisotropy to provide a display in accordance 
with their optical anisotropy. The display has switching threshold and memory capabilities. 

45 [0016] U.S. Patent 4,1 43,1 03 (Sheridon), the disclosureof which is totally incorporated herein by reference, discloses 
a method of making a display characterized by a plurality of particles which have an electrical anisotropy due to hem- 
ispherical surface coatings of different Zeta potential and their distribution in a volume of a dielectric liquid and which 
also have an optical anisotropy due to the hemispherical surface coatings having different optical characteristics. The 
particles are mixed with a light transparent liquid which is subsequently cured to form an elastomeric or rigid slab. 

50 Following curing of the liquid, the slab is emersed in a plasticizer (dielectric liquid) which is absorbed by the slab and 
which causes the slab to expand slightly. Expansion of the slab around the particles provides a plasticizer-filled cavity 
around each particle which cavities allow the particles to rotate to provide a display in accordance with their optical 
anisotropy but does not allow substantial translation of the particles. 

[0017] U.S. Patent4,261 ,653 (Goodrich), the disclosure of which is totally incorporated herein by reference, discloses 
55 a light valve formed of a plurality of spherical dipolar particles suspended in a matrix material. Each spherical dipolar 
particle has a unified body formed in three discrete symmetrical sections. A central section is configured to permit light 
transmission when in a first orientation with respect to a path of light travel, and generally not permit light transmission 
when in a second, transverse orientation with respect to the path of light travel. A pair of intermediate sections bound 
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the central section and are formed of a transparent material having an electrical permittivity that varies through a range 
of values as a function of the frequency of an applied electric field. A pair of outer sections bounds the intermediate 
sections and are formed of a material having a relatively stable electrical permittivity within the range of values of the 
intermediate sections. An applied electric field at one frequency extreme will cause the spherical dipolar particle to 

5 align in the first orientation to permit light transmission, and an applied electric field in the other frequency extreme will 
cause the particle to anti-align in the second, transverse orientation to shutter or reflect light. The matrix material is 
preferably formed of a plasticized elastomer that has a plurality of expanded cavities, with each cavity containing an 
outer lubricating layer to allow free rotational motion of a dipolar particle in the cavity. The use of a light valve of the 
present invention and method of manufacturing the spherical dipolar particle construction are also disclosed. 

10 [0018] U.S. Patent 4,438,160 (Ishikawa et al.), the disclosure of which is totally incorporated herein by reference, 
discloses a method for manufacturing rotary ball display devices wherein a plurality of such balls are provided with a 
coating of a color different from the remainder of the ball, the ball members are coated with a thin coating insoluble in 
the settling medium into which they are introduced, so that upon settling into a low viscosity liquid, they form a uniform 
layer. A high molecular weight hardenable coating material which is soluble in the low viscosity liquid is then poured 

15 onto the coated ball members to cover the layer. Then, the low viscosity liquid is removed and the hardenable coating 
material is caused to harden. The thin coating is then dissolved away from portions of the ball members to leave cavity 
portions thereabout into which a high resistivity liquid is introduced. The resulting ball members have a refractive index 
on the colored layer which is substantially the same as the refractive index of the high resistivity liquid contained in the 
cavities. 

20 [0019] U.S. Patent5,389,945 (Sheridon), the disclosure of which is totally incorporated herein by reference, discloses 
an addressable display system including a paper-like sheet comprising a light transparent host layer loaded with a 
plurality of repositionable elements, the elements are movable from a first orientation in which they will present a first 
visual appearance, to a second orientation in which they will present a second visual appearance, and independent 
external addressing means relatively movable with respect to the display sheet for affecting the orientation of the 

25 repositionable elements. 

[0020] U.S. Patent5,604,027 (Sheridon), the disclosure of which is totally incorporated herein by reference, discloses 
bichromal balls having two hemispheres, typically one black and one white, each having different electrical properties. 
Each ball is enclosed within a spherical shell and then a space between the ball and shell is filled with a liquid to form 
' a microsphere so that the ball is free to rotate in response to an electrical field. The microspheres can then be mixed 

30 into a substrate which can be formed into sheets or can be applied to any kind of surface. The result is a film which 
can form an image from an applied electrical field. 

[0021] U.S. Patent 5,989,629 (Sacripante et al.), the disclosure of which is totally incorporated herein by reference, 
discloses a process for the preparation of bichromal spheres comprising (i) preparing monochromal spheres by the 
aggregation and coalescence of an emulsion resin with a first colorant and inorganic salt; (ii) contacting the resulting 
35 monochromal sp heres with an oxidizing agent, followed by a polymerization with a vinyl monomer and a free radical 
initiator; (iii) forming a monolayer of the resulting monochromal spheres on a substrate; and (iv) subjecting the resulting 
monochromal spheres to a vapor thermal deposition with a second colorant dissimilar than the first colorant thereby 
to coat one hemisphere of each of said monochromal spheres, thereby resulting in bichromal spheres with dissimilar 
colors. 

40 [0022] U.S. Patent 4,81 0,431 (Leidner), the disclosure of which is totally incorporated herein by reference, discloses 
a particle display comprising a plurality of particles which in an electrical field rotate to expose either their white or 
black surface depending upon the polarity of the field. The particle display can be used for a flat panel ambient-illumi- 
nated numeric, alpha-numeric and other forms of visual displays. 

[0023] U.S. Patent 5,262,098 (Crowley et al.), the disclosure of which is totally incorporated herein by reference, 
45 discloses an apparatus for fabricating hemispherically bichromal balls, comprising a separator member having oppos- 
ing first and second surfaces located and an edge region in contact with both surfaces, and delivery means for flowing 
first and second colored hardenable liquid material over the first and second surfaces, respectively, so that the liquid 
materials arrive at the edge at substantially the same flow rate and form a reservoir outboard of the edge region. The 
reservoir comprises side-by-side regions of different colors which do not intermix. Further means is provided for pro- 
50 pelling the first and second liquid materials away from the separator member and out of the reservoir into a fluid medium 
as a plurality of side-by-side bichromal streams whose forward ends become unstable and break up into droplets which 
form into spherical balls, each of the balls comprising hemispheres of differently colored hardenable liquid, and means 
for collecting the bichromal balls. 

[0024] U.S. Patent 5,344,594 (Sheridon), the disclosure of which is totally incorporated herein by reference, discloses 
55 a method of forming hemispheric bichromal balls, including the steps of bringing together two streams of differently 
colored hardenable liquids for forming a single side-by-side bichromal stream, expelling said single side-by-side bi- 
chromal stream into a fluid as one or more free jets whose forward ends becomes unstable and break up into droplets 
which form into spherical balls, each of the balls comprising hemispheres of differently colored hardenable liquid, and 
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finally hardening the balls. 

[0025] U.S. Patent 5,91 7,646 (Sheridon), the disclosure of which is totally incorporated herein by reference, discloses 
a combination of an optically transmissive dielectric fluid having a first refractive index and an optically anisotropic 
particle rotatably disposed in the fluid. The particle has at least one optically transmissive region having a second 

5 refractive index. The particle provides a first optical modulation characteristic when disposed in the fluid in a first ori- 
entation, with respect to a flux of optical energy, and further provides a second optical modulation characteristic when 
disposed in the fluid in a second orientation with respect to a flux of optical energy. The particle has an anisotropy for 
providing an electrical dipole moment, the electrical dipole moment rendering the particle electrically responsive such 
that when the particle is rotatably disposed in an electric field while the electrical dipole moment of the particle is 

10 provided, the particle tends to rotate to an orientation in which the electrical dipole moment aligns with the field. For 
example, the disposition of the particle in the fluid can give rise to the electrical dipole moment of the particle. The 
fluid-particle combination can be used to make a gyricon or rotating-particle display in which each rotatable particle 
(e.g., spherical ball) in the display acts as a lens. 

[0026] U.S. Patent5,777,782 (Sheridon), the disclosure of which is totally incorporated herein by reference, discloses 

15 a gyricon or rotating-particle display having an auxiliary optical structure. The display includes a substrate with an 
optically transmissive window, a plurality of particles disposed in the substrate, and an optical focusing element optically 
coupled to the window. Each particle has an anisotropy for providing an electrical dipole moment, the electrical dipole 
moment rendering the particle electrically responsive such that when the particle is rotatably disposed In an electric 
field while the electrical dipole moment of the particle is provided, the particle tends to rotate to an orientation in which 

20 the electrical dipole moment aligns with the field. A rotatable disposition of each particle is achievable while the particle 
is thus disposed in the substrate; when the particle is in this rotatable disposition, it is not attached to the substrate. 
Each particle, when rotatably disposed in the substrate, is disposable in first and second rotational orientations with 
respect to the optically transmissive window. Each particle provides a first optical modulation characteristic when dis- 
posed in its first orientation with respect to a flux of optical energy through the window, and further provides a second 

25 optical modulation characteristic when disposed in its second orientation with respect to a flux of optical energy through 
the window. The optical focusing element can be optically refractive; for example, it can include an array of converging 
lenses, such as a ,l f ly's-eye" array of microlenses. In this case, the particles can be disposed in an array that is registered 
with the lens array, v " 
[0027] U.S. Patent 5,81*5-306 (Sheridon et al.); the disclosure of which is totally incorporated herein by reference, 

30 discloses a gyricon or rotating-particle display having an "eggcrate" substrate. The display includes a substrate having *. 
: a cavity-containing matrix whose cavities are disposed substantially in a single layer and are arranged within the matrix ■ 
substantially in. a geometrically regular pattern, and a plurality of optically anisotropic particles disposed in the cavities 
in the substrate, with each cavity containing at most one of the optically anistropic particles. A rotatable disposition of 
each particle is achievable while the particle is thus disposed in the substrate; the particle, when in its rotatable dis- 

35 position, is not attached to the substrate. Each particle, for example, can have an anisotropy for providing an electrical 
dipole moment, tFe electrical dipole moment rendering the particle electrically responsive such that when the particle 
is rotatably disposed in an electric field while the electrical dipole moment of the particle is provided, the particle tends 
to rotate to an orientation in which the electrical dipole moment aligns with the field. The single layer of cavities can 
be substantially planar, and the geometrical pattern of cavities can be a two-dimensional array pattern in the plane of 

40 the layer, such as a hexagonal, rectangular, or rhomboidal array pattern. The substrate can further Include first and 
second members between which members the matrix is disposed; at least one of the members can include an optically 
transmissive window through which a flux of optical energy can pass so as to be incident on the particles. 
[0028] U.S. Patent 5,71 7,51 4 (Sheridon), the disclosure of which is totally incorporated herein by reference, discloses 
a multisegmented ball for an electrical twisting ball display device made up of spheroidal balls rotatably disposed in 

45 an elastomer substrate. The ball is composed of segments arrayed substantially parallel to one another, each segment 
being adjacent to at least one other segment and to no more than two other segments, adjacent segments being 
adjoined to one another at substantially planar interfaces. The segments include a first segment having a first thickness 
and a first optical modulation characteristic, a second segment having a second thickness and a second optical mod- 
ulation characteristic, and a third segment having a thickness different from at least one of the first and second thick- 

50 nesses and an optical modulation characteristic different from at least one of the first and second optical modulation 
characteristics. The ball has an anisotropy for providing an electrical dipole moment, the electrical dipole moment 
rendering the ball electrically responsive such that when the ball is rotatably disposed in a nonoscillating electric field 
while the electrical dipole moment of the ball is provided, the ball tends to rotate to an orientation in which the electrical 
dipole moment aligns with the field. A method and apparatus for fabricating the ball are also disclosed. 

55 [0029] U.S. Patent 5,91 9,409 (Sheridon), the disclosure of which is totally incorporated herein by reference, discloses 
a method of fabricating a multisegmented ball for an electrical twisting ball display device, which is made up of sphe- 
roidal balls rotatably disposed in an elastomer substrate. The ball is composed of segments arrayed substantially 
parallel to one another, each segment being adjacent to at least one other segment and to no more than two other 
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segments, adjacent segments being adjoined to one another at substantially planar interfaces. The method for fabri- 
cating the multisegmented spheroidal balls comprises the steps of first providing a multiplicity of liquid flows, each 
liquid flow having an associated flow rate, each liquid flow being a flow of a hardenable liquid material associated with 
an optical modulation characteristic. The multiplicity of flows are then merged into a combined liquid flow where each 
one of the plurality of liquid flows is joined to at least one other of the plurality of liquid flows at a planar interface. After 
forming a combined liquid flow, a ligament is formed from the combined liquid flow and a plurality of spheroidal balls 
are formed from the ligament, each of the balls comprising a multiplicity of segments where each one of the multiplicity 
of segments is joined to at least one other of the multiplicity of segments at a planar interface. After the balls are formed 
they are hardened. 

[0030] U.S. Patent 5,891 ,479 (Sheridon), the disclosure of which is totally incorporated herein by reference, discloses 
an apparatus for fabricating a multisegmented bail for an electrical twisting ball display device, which is made up of 
spheroidal balls rotatably disposed in an elastomer substrate. The ball is composed of segments arrayed substantially 
parallel to one another, each segment being adjacent to at least one other segment and to no more than two other 
segments, adjacent segments being adjoined to one another at substantially planar interfaces. The apparatus has a 
plurality of separator members, each separator member having two opposed surfaces and an edge region in contact 
with both of said surfaces. A liquid flow is associated with each separator member and one of the surfaces on the 
separator member. Each one of the liquid flows is provided across its associated separator members toward the edge 
region of the separator member. Each of the liquid flows is of a hardenable liquid material and has an optical modulation 
characteristic and a flow rate. The apparatus also has apparatus for merging the liquid flows outboard of the edge 
regions of the separator members into a combined liquid flow and then apparatus for forming a ligament from the 
combined liquid flow. Apparatus for forming a plurality of spheroidal balls from the ligament; and apparatus for hardening 
the balls thus formed complete the apparatus. 

[0031] U.S. Patent 5,708,525 (Sheridon), the disclosure of which is totally incorporated herein by reference, discloses 
a multisegmented ball for an electrical twisting ball display device made up of spheroidal balls rotatably disposed in 
an elastomer substrate. The ball is composed of segments arrayed substantially parallel to one another. Each segment 
is adjacent to at least one other segment and to no more than two other segments, adjacent segments being adjoined 
to one another at substantially planar interfaces. Each segment has an optical modulation characteristic, the optical 
modulation characteristics of adjacent segments being different from one another. The segments of the ball include a 
first exterior segment, a second exterior segment, and a transparent interior segment. The ball has an anisotropy for 
providing-an electrical dipole moment, the electrical dipole moment rendering the ball electrically responsive such that : 
when the ball is rotatably disposed in a nonoscillating electric field while the electrical dipole moment of the ball is 
provided; the ball tends to rotate* to an orientation in which the electrical dipole moment aligns with the field. Also 
disclosed are: a material made up of a substrate in which are disposed the aforementioned balls; an apparatus made 
up of a piece of this material, together with electrodes to .facilitate a rotation of balls rotatably disposed therein; and a 

method for usi ng thi s apparatus. 

"[0032] U.S. Patonf5i717 ( 5i 5 (Sheridon), the disclosure of whlchTs totally incorporated herein by reference, discloses 
a method for producing a canted electric field for an electrical twisting ball display device made up of electrically and 
optically anisotropic spheroidal balls rotatably disposed in a substrate. The display has an array of addressable ele- 
ments, each array element including at least one spheroidal ball. According to the method, an array element is selected. 
A preferred direction of orientation is selected for balls of the selected array element, the direction of orientation forming 
an angle with a vector normal to a planar portion of the substrate surface in a vicinity of the selected array element, 
the angle being greater than 0 degree and less than 1 80 degrees. Balls of the selected array element are aligned with 
the preferred direction of orientation by applying an electric field in the vicinity of the selected array element, the electric 
field having an electric field vector oriented parallel to the selected preferred direction, thereby causing balls of the 
selected array element to rotate so as to align with the preferred direction of orientation . Also disclosed are: an electrode 
assembly for'addressing a twisting ball display, capable of producing an electric field adjustable as to the direction of 
orientation of the field over a continuous angular range of directions; and a twisting ball apparatus incorporating this 
electrode assembly. 

[0033] U.S. Patent 5,760,761 (Sheridon), the disclosure of which is totally incorporated herein by reference, discloses 
a multisegmented, highlight color ball for an electrical twisting ball display device made up of spheroidal balls rotatably 
disposed in an elastomer substrate. The ball is composed of segments arrayed substantially parallel to one another, 
each segment being adjacentto at least one other segment and to no more than two other segments, adjacent segments 
being adjoined to one another at substantially planar interfaces. Each segment has an optical modulation characteristic, 
the optical modulation characteristics of adjacent segments being different from one another. The segments include: 
a central segment having a thickness; a first interior segment, situated adjacent to the central segment and having a 
thickness less than the central segment thickness; a second interior segment, situated opposite the first interior segment 
with respect to the central segment and having a thickness less than the central segment thickness; a first exterior 
segment; and a second exterior segment. The central segment can be of a background color; the first interior segment 
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can be of a foreground color; the second interior segment can be of a highlight color; and the exterior segments can 
be transparent. The ball has an anisotropy for providing an electrical dipole moment, the electrical dipole moment 
rendering the ball electrically responsive such that when the ball is rotatably disposed in a nonoscillating electric field 
while the electrical dipole moment of the ball is provided, the ball tends to rotate to an orientation in which the electrical 
5 dipole moment aligns with the field. Also disclosed are: an apparatus made up of a substrate in which are disposed 
the aforementioned balls, together with electrodes to facilitate a rotation of balls rotatably disposed therein; and a 
method for using this apparatus. 

[0034] U.S. Patent5,751 ,268 (Sheridon), the disclosure of which is totally incorporated herein by reference, discloses 
a seven-segment ball for an electrical twisting ball display device made up of spheroidal balls rotatably disposed in an 

10 elastomer substrate. The device built with the seven-segment balls can provide, for example, two fully saturated colors, 
two partially saturated colors, and a background color, such as white. The ball is composed of seven segments arrayed 
substantially parallel to one another, each segment being adjacent to at least one other segment and to no more than 
two other segments, adjacent segments being adjoined to one another at substantially planar interfaces. The seven 
segments include a transparent central segment, transparent first and second exterior segments, and four colored 

is interior segments, two on each side of the central segment. For example, the first, second, third, and fourth interior 
segments can each have different colors such as red, black, blue, and green. The ball has an anisotropy for providing 
an electrical dipole moment, the electrical dipole moment rendering the ball electrically responsive such that when the 
ball is rotatably disposed in an electric field while the electrical dipole moment of the ball is provided, the ball tends to 
rotate to an orientation in which the electrical dipole moment aligns with the field. Also disclosed are: an apparatus 

20 made up of a substrate in which are disposed the aforementioned balls, together with electrodes to facilitate a rotation 
of balls rotatably disposed therein; and a method for using this apparatus. 

[0035] U.S. Patent 5,892,497 (Robertson), the disclosure of which is totally incorporated herein by reference, dis- 
closes a segmented ball for an electrical twisting ball color display device, the device being composed of different sets 
. of spheroidal balls rotatably disposed in an elastomer substrate, each set being associated with a different display 
25 color. The segmented ball includes a colored interior segment surrounded on either side by transparent exterior seg- 
ments, the three segments being arrayed substantially parallel to one another, with adjacent segments being adjoined 
to one another at substantially planar interfaces. The colored interior segment can have, for example, a transparent 
. or opaque chromatic color, such as red, green, or blue. The ball has an anisotropy for providing an electrical dipole 
■ \ moment, the electrical dipole moment rendering the ball electrically responsive such that when the ball is rotatably 
30 disposed in a nonoscillating electric field while the electrical dipole moment of the ball is provided, the ball tends to 
rotate to an orientation in which the electrical dipole moment aligns with the field. Also disclosed are: a material ; made 
; up of a substrate in which are disposed two or more different sets of the aforementioned balls, : each set having a 
different center-segment color so as to provide a different observable display color; an apparatus made up of a piece 
of this material, together with electrodes to facilitate a rotation of balls rotatably disposed therein; and a method for 
35 using this apparatus. 

[0036] U.S. Patent" 5^767 ,826 (Sheridon et al), the disclosure of which is totally incorporated herein by reference, 
discloses a multilayer substrate material for a subtractive-color electrical twisting ball display. The material is composed 
of a layered substrate including first, second, and third layers, each layer of the substrate being a nearest neighboring 
layer with respect to at least one other layer and no more than two other layers. Spheroidal balls are disposed in each 

40 of the first, second, and third layers. In the first layer, each ball has at least two component regions including a com- 
ponent region having a first chromatic color, such as transparent cyan. In the second layer, each ball has at least two 
component regions including a component region having a second chromatic color, such as transparent magenta. In 
the third layer, each ball has at least two component regions including a component region having a third chromatic 
color, such as transparent yellow. Optionally, the substrate can further include a fourth layer in which are disposed 

45 spheroidal balls, each having at least two component regions including a black component region. Each ball in each 
layer has an anisotropy for providing an electrical dipole moment, the electrical dipole moment rendering the ball elec- 
trically responsive such that when the ball is rotatably disposed in a nonoscillating electric field while the electrical 
dipole moment of the ball is provided, the ball tends to rotate to an orientation in which the electrical dipole moment 
aligns with the field. Also disclosed are a twisting-ball apparatus made with the material, and a method for using this 

50 apparatus. 

[0037] U.S. Patent 5,739,801 (Sheridon), the disclosure ofwhich is totally incorporated herein by reference, discloses 
a multithreshold electrical twisting ball display device. The device is composed of electrically and optically anisotropic 
spheroidal balls of at least two different rotation thresholds, disposed in an elastomer substrate, together with an ad- 
dressing electrode assembly. The addressing electrode assembly allows a preferred region of the substrate to be 
55 selected in which at least one ball of the first set and at least one ball of the second set are disposed, and first and 
second electric fields to be applied to the preferred region thus selected, each of the first and second electric fields 
extending throughout the preferred region. The first field facilitates a contemporaneous rotation of balls of both the first 
and second sets rotatably disposed in the preferred region. The second electric field facilitates a rotation of balls of 
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the second set rotatably disposed in the preferred region, without facilitating a rotation of any ball of the first set rotatably 
disposed in the preferred region. Also disclosed are the substrate material and electrode assembly for the device, and 
a method of using the device. 

[0038] U.S. Patent 5,982,346 (Sheridon et al.), the disclosure of which is totally incorporated herein by reference, 
5 discloses a method of making a substrate in which sets of optically anisotropic spheroidal balls are disposed, as for 
use in an electrical twisting ball display. First and second sets of spheroidal balls, are deposited on a receiving surface 
composed of an elastomer substrate material in an adhesive state, the spheroidal balls thus deposited adhering to the 
receiving surface. Balls of the first and second sets are physically distinguishable from one another. Balls of the first 
set can be deposited in a first arrangement, and balls of the second set, in a second arrangement. Each ball of each 
10 set has an optical anisotropy and an anisotropy for providing an electrical dipole moment, the electrical dipole moment 
rendering the ball electrically responsive such that when the ball is rotatably disposed in an electric field while the 
electrical dipole moment of the ball is provided, the ball tends to rotate to an orientation in which the electrical dipole 
moment aligns with the field. With the balls thus deposited, additional, liquid elastomer material is poured over the balls 
adhering to the receiving surface, thereby covering the balls and forming an uncured substrate material in which the 
15 balls are disposed. This uncured substrate material is cured to form a substrate in which balls of the first and second 
sets are disposed. A plasticizer fluid can be applied to the substrate thus formed, thereby expanding the substrate so 
as to render the balls disposed in the substrate rotatable within the substrate. 

[0039] U.S. Patent 5,737,11 5 (Mackinlay et al.), the disclosure of which is totally incorporated herein by reference, 
discloses a tristate light valve ball for an electrical twisting ball device composed of spheroidal balls rotatably disposed 

20 in an elastomer substrate. The ball is composed of segments arrayed substantially parallel to one another, each seg- 
ment being adjacent to at least one other segment and to no more than two other segments. Adjacent segments are 
adjoined to one another at substantially planar interfaces. The segments include: a first, interior, nontransparent seg- 
ment having a first optical modulation characteristic; a second exterior, transparent segment, adjacent to the first seg- 
ment and having a second optical modulation characteristic; a third, interior, nontransparent segment having a third 

25 optical modulation characteristic; and a fourth, exterior, transparent segment adjacent to the third segment For exam- 
ple, the ball can be made with a black first segment adjacent to a white third segment, surrounded on either side by 
clear second and fourth exterior segments. The ball has an anisotropy for providing an electrical dipole moment, the 
electrical dipole moment rendering the'bail electrically responsive such that when the ball is rotatably disposed in a 
• nonoscillating electric field whilevthe electrical dipole moment of. the ball is provided, the ball tends to rotate to an 

30 orientation in which the electrical dipofe moment aligns with the field. Also disclosed are; a material made up of a 
substrate layer in which are disposed the aforementionedballs, with a colored backing joined to a rear surface of the 
layer; and a method for using a device incorporating the balls. 

[0040] U.S. Patent 5 ,754,332 (Crowley), the disclosure of which is totally incorporated herein by reference, discloses 
a gyricon or twisting-ball display having superior reflectance characteristics comparing favorably with those of white 

35 paper. The display is based on a material made up of optically anisotropic particles, such as bichromal balls, disposed 

substantially in a monolayer in a substrate. The particles are closely packed with respect to one another in the mon- 
olayer, preferably so that adjacent particle surfaces are as close to one another as possible. A rotatable disposition of 
each particle is achievable while the particle is thus disposed in the substrate; for example, the particles can already 
be rotatable in the substrate, or can be rendered rotatable in the substrate by a nondestructive operation performed 

40 on the substrate. In particular, the particles can be situated in an elastomer substrate that is expanded by application 
of a fluid thereto so as to render the particles rotatable therein. A particle, when in its rotatable disposition, is not 
attached to the substrate. A reflective-mode display apparatus can be constructed from a piece of the material together 
a mechanism (e.g., addressing electrodes) for facilitating rotation of at least one of the particles. The light reflected 
from the display is reflected substantially entirely from the monolayer of balls, so that lower layers are not needed. By 

45 eliminating the lower layers, the display can be made thinner, which in turn provides further advantages, such as lower 
drive voltage and better resolution due to better control of fringing fields. 

[0041] U.S. Patent 5,808,783 (Crowley), the disclosure of which is totally incorporated herein by reference, discloses 
a gyricon or twisting-ball display having superior reflectance characteristics comparing favorably with those of white 
paper. The display is based on a material made up of optically anisotropic particles, such as bichromal balls, disposed 

50 in a substrate having a surface. The particles situated closest to the substrate surface form substantially a single layer. 
Each particle in the layer has a center point, no particle in the layer being disposed entirely behind the center point of 
any nearest neighboring particle in the layer with respect to the substrate surface. Each particle in the layer has a 
projected area with respect to the substrate surface. Particles of the set are sufficiently closely packed with respect to 
one another in the layer that the union of their projected areas exceeds two-thirds of the area of the substrate surface. 

55 A rotatable disposition of each particle is achievable while the particle is thus disposed in the substrate; for example, 
the particles can already be rotatable in the substrate, or can be rendered rotatable in the substrate by a nondestructive 
operation. In particular, the particles can be situated in an elastomer substrate that is expanded by application of a 
fluid thereto so as to render the particles rotatable therein. A particle, when in its rotatable disposition, is not attached 
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to the substrate. A reflective-mode display apparatus can be constructed from a piece of the material together with a 
mechanism (e.g., addressing electrodes) for facilitating rotation of at least one of the particles. 
[0042] U.S. Patent 5,91 4,805 (Crowley), the disclosure of which is totally incorporated herein by reference, discloses 
a gyricon or twisting-ball display having superior reflectance characteristics comparing favorably with those of white 

5 paper is based on a material made up of two populations (e.g., two different sizes) of optically anisotropic particles, 
such as bichromal balls, disposed in a substrate. Particles of the first population, as considered by themselves without 
the particles of the second population, are disposed in the substrate in a closely packed (e.g., geometrically regular) 
arrangement having interstices. Particles of the second population are disposed in the interstices of the arrangement. 
A rotatable disposition of each particle is achievable while the particle is thus disposed in the substrate; for example, 

10 the particles can already be rotatable in the substrate, or can be rendered rotatable in the substrate by a nondestructive 
operation performed on the substrate. In particular, the particles can be situated in an elastomer substrate that is 
expanded by application of a fluid thereto so as to render the particles rotatable therein. A particle, when in its rotatable 
disposition, is not attached to the substrate. A reflective-mode display apparatus can be constructed from a piece of 
the material together with a mechanism (e.g., addressing electrodes) for facilitating rotation of at least one of the 

is particles. 

[0043] U.S. Patent 5,825,529 (Crowley), the disclosure of which is totally incorporated herein by reference, discloses 
a gyricon or twisting-ball display in which optically anisotropic particles, such as bichromal balls, are disposed directly 
in a working fluid, such as a dielectric liquid, without an elastomer substrate or other cavity-containing matrix. The 
display apparatus has an optically transmissive viewing surface, behind which the working fluid is disposed with the 

20 particles in it. The particles are arranged in a closely packed stable arrangement in which neighboring particles tend 
to keep one another in place. For example, the particles can be arranged in a hexagonally packed monolayer. The 
working fluid does not substantially constrain the particles to remain in the stable arrangement, notwithstanding the 
direct contact of the fluid with the particles, 
r [0044] U.S.Patent6,147,791 (Sheridon), the disclosure of which is totally incorporated herein.by reference, discloses 

25 , a sheet material for use in a gyricon display in which a rotatable element, which has a portion which is capable of being 
permanently magnetized may be oriented to experience ah attractive force between itself and a soft magnetic material 
• pad. The attractive force between the element and the pad serve to latch the element in place and prevent unwanted 
r- display changes from taking place. The element may be constructed to be either cylindrically or spherically shaped, 
r The ^element, and the soft magnetic material pads may be arranged to provide multiple latching states as desired. * r 

30 . [0045] - U.S.-Patent 6,097,531 (Sheridon), the disclosure^ which is totally incorporated herein by reference, discloses - 
■± a method of forming magnetized rotating elements for a rotating element display where all the elements are magnetized 
in the same orientation is provided. First, at least two planar streams of hardenable liquids flowing in substantially the 
same direction are provided; Each stream has an associated optical modulation characteristic and at least one stream 
has an associated optical modulation characteristic different from at least one other stream. At least one stream includes 

35 a magnetic pigment. The s treams aretiien merged to form a reservoir containing side-by-side amounts of each liquid 
from each stream. A free jet is then formed containing side-by-side amounts of each liquid from the reservoir. Then a 
portion of the free jet is passed through a magnetic field which is oriented transverse to the direction of the free jet to 
magnetize the magnetic pigment. The rotating elements formed can be either spherical in shape or cylindrical in shape. 
In either case, each element will comprise side-by-side segments. To form spherical elements the free jet can be broken 

40 into spherical portions either before or after the magnetic pigment has been magnetized. Ultimately, magnetized spher- 
ical portions of the free jet are hardened into rotating spherical elements and collected. To form cylindrical elements, 
the free jet is magnetized and hardened into a filament. The filament is then collected and broken into cylindrical 
elements. 

[0046] U.S. Patent 6,1 74,1 53 (Sheridon), the disclosure of which is totally incorporated herein by reference, discloses 
« an apparatus for forming magnetized rotating elements for a rotating element display where all the elements are mag- 
netized in the same orientation is disclosed. The apparatus comprises at least one separator member. Each separator 
member has a diameter, two opposed surfaces and an edge region in contact with both of the surfaces. Further included 
is an apparatus for providing at least two liquid flows wherein each one of the liquid flows has an associated separator 
member and an associated surface on the associated separator member, and each one of the liquid flows is provided 
50 across the associated surface of the associated separator members. The liquid flow flows toward the edge region of 
the associated separator member. The liquid flows are each a flow of hardenable liquid materia! associated with an 
optical modulation characteristic, and at least one of the liquid flows containing a magnetic pigment. The separator 
members are spun and the liquid flows are merged outboard of the edge regions of the one separator members to 
form a reservoir containing side-by-side amounts of each liquid. When the flow rate of the liquids is high enough, a 
55 free jet approximately in a plane outward from the reservoir, the free jet comprising side-by-side amounts of each liquid 
from the reservoir is formed. A magnetic field, is provided outward from the formation of the free jet and at least a 
portion of the free jet is passed through the magnetic field to magnetize the magnetic pigment. The magnetic field is 
aligned transverse to the free jet. If cylindrical elements are desired then the magnetized free jet is hardened into 
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filaments which can be separated into cylindrical elements. If spherical elements are desired then the free jet is broken 
up into spherical elements before hardening. 

[0047] U.S. Patent 6,1 1 0,538 (Sheridon), the disclosure of which is totally incorporated herein by reference, discloses 
a method of making rotating element sheet material utilizing magnetic latching. The first step is providing a sheet of 

5 sheet material comprising a substrate with a surface and rotatable elements disposed therein. The elements each 
have an optical and electrical anisotropy, and comprise at least two portions. One of the portions is magnetizable. After 
the magnetizable portions have been oriented in a common direction, they are magnetized substantially uniformly. The 
elements can be oriented such that the magnetized portions are disposed towards the surface of the substrate. A layer 
of hardenable mixture containing a plurality of magnetic particles is then applied to the surface of the substrate. The 

10 hardenable liquid is kept liquid for a period of time to allow the migration magnetic particles to the area of the layer in 
the vicinity of the magnetized portions of the rotatable elements. Then the hardenable liquid is solidified to trap the 
magnetic particles in said layer in the area of the layer in the vicinity of the magnetized portion of the rotatable elements 
to form a magnetic pad. 

[0048] U.S. Patent 6,038,059 (Silverman), the disclosure of which is totally incorporated herein by reference, dis- 
15 closes several variations in full-color additive gyricons are shown. Each gyricon shown has been designed for ease of 
construction by eliminating the need for precise placement of rotating elements, alignment between the gyricon layers, 
if any, and alignment between the gyricon sheet and the addressing device. 

[0049] U.S. Patent 6,122,094 (Silverman), the disclosure of which is totally incorporated herein by reference, dis- 
closes several variations in full-color additive gyricons. Each gyricon shown has been designed for ease of construction 
20 by eliminating the need for precise placement of rotating elements, alignment between the gyricon layers, if any, and 
alignment between the gyricon sheet and the addressing device. 

[0050] U.S. Patent 6,162,321 (Silverman), the disclosure of which is totally incorporated herein by reference, dis- 
closes several variations in full-color additive gyricons. Each gyricon shown has been designed for ease of construction 
by eliminating the need for precise placement of rotating elements, alignment between the gyricon layers, if any, and 

25 alignment between the gyricon. sheet and the addressing device. . • 

[0051] U.S. Patent 6,128,124 (Silverman), the disclosure of which is totally incorporated herein by reference, dis- 
closes several variations in full-color additive gyricons. Each gyricon shown has been designed for ease of construction 
by eliminating the need for precise placement of rotating elements, alignment between the gyricon layers, if any, and 
alignment between the gyricon sheet and the addressing device.; »• ■ 

30 [0052] U.S. Patent 6,1 97,228 (Sheridon), the disclosure of which is totally incorporated herein by reference, discloses 
a method. of making rotating element sheet material; utilizing magnetic latching. First a plurality of rotating elements, 
each element having a magnetized segment, are mixed with an elastomer and a plurality of magnetic particles to attract 
the magnetic particles to the magnetized segments. Then a magnetic field is applied to orient the elements in a common 
direction. When the rotating elements have' all been oriented in a common direction, they are held in that orientation 

35 for a long enough p eriod of time to allow the magnetic particles to migrate in the elastomer to the regions of the elastomer 
in the vicinity of the magnetized segments of the elements. The elastomer is then cured to form an elastomer substrate 
with trapped rotating elements and magnetic particles. The elastomer substrate is then immersed into a bath of dielectric 
plasticizer which is absorbed more readily by elastomer than by the rotating elements. The elastomer substrate swells 
to create plasticizer-rfilled voids around the rotating elements. The magnetic particles remain incorporated within the 

40 elastomer to form magnetic material pads which are associated with an element. 

[0053] U.S; Patent 6,055,091 (Sheridon et al.), the disclosure of which is totally incorporated herein by reference, . 
discloses a gyricon or twisting-particle display based on nonspheroidal (e.g., substantially cylindrical) optically aniso- 
tropic particles disposed in a substrate, The particles can be bichromal cylinders, preferably aligned parallel to one 
another and packed close together in a monolayer. A rotatable disposition of each particle is achievable while the 

45 particle is thus disposed in the substrate; for example, the particles can already be rotatable in the substrate, or can 
be rendered rotatable in the substrate by a nondestructive operation performed on the substrate. In particular, the 
substrate can be made up of an elastomer that is expanded by application of a fluid thereto so as to render the particles 
rotatable therein. A particle, when in its rotatable disposition, is not attached to the substrate. The close-packed mon- 
olayer configuration of particles provides excellent brightness characteristics and relative ease of manufacture as com- 

50 pared with certain other high-brightness gyricon displays. The substrate containing the cylinders can be fabricated with 
the swelled-elastomer techniques known from spherical-particle gyricon displays, with a simple agitation process step 
being used to align the cylinders within the sheeting material. Techniques for fabricating the cylinders are also disclosed. 
[0054] U.S. Patent 5,894,367 (Sheridon), the disclosure of which is totally incorporated herein by reference, discloses 
an electric type paper display having memory properties, rapid response times, and multi-optical optical property display 

55 with an image of high quality. Each display element is wholly in contact with liquid in a cavity and the surface of each 
display element has a portion with a most positive charge. When an electrical field is applied from the outside,. each 
display element is turned correspondingly to the direction of the electric field and, then electrically migrated through 
the liquid and attached to the inner surface of the cavity. Among multiple display surfaces of each display element an 
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optical properly is selected according to an image signal and is visible through a transparent support to an observer. 
Afterwards, the attached state of each display element, i.e., its display state is held by the action of an attraction force 
such as van der Waals force and electrostatic force acting between the circumferential surface of the display element 
and the inner surface of the cavity, even after the electric field is removed. 

5 [0055] U.S. Patent 5,922,268 (Sheridon), the disclosure of which is totally incorporated herein by reference, discloses 
an electric type paper display having memory properties, rapid response times and multi-optical property display with 
an image of high quality. Each display element is wholly in contact with liquid in a cavity and the surface of each display 
element has a portion with a most positive charge. When an electrical field is applied from the outside, each display 
element is turned correspondingly to the direction of the electric field and, then electrically migrated through the liquid 

10 and attached to the inner surface of the cavity. Among multiple display surfaces of each display element an optical 
property is selected according to an image signal and is visible through a transparent support to an observer. Afterwards, 
the attached state of each display element, i.e., its display state is held by the action of an attraction force such as van 
der Waals force and electrostatic force acting between the circumferential surface of the display element and the inner 
surface of the cavity, even after the electric field is removed. 

is [0056] U.S. Patent 5,904,790 (Sheridon), the disclosure of which is totally incorporated herein by reference, discloses 
an electric type paper display having memory properties, rapid response times and multi-optical property display with 
an image of high quality is made. Each display element is wholly in contact with liquid in a cavity and the surface of 
each display element has a portion with a most positive charge. When an electrical field is applied from the outside, 
each display element is turned correspondingly to the direction of the electric field and, then electrically migrated 

20 through the liquid and attached to the inner surface of the cavity. Among multiple display surfaces of each display 
element an optical property is selected according to an image signal and is visible through a transparent support to an 
observer. Afterwards, the attached state of each display element, i.e., its display state is held by the action of an 
attraction force such as van der Waals force and electrostatic force acting between the circumferential surface of the 
display element and the inner surface of the cavity, even after the electric field is removed. 

25 [0057] Sheridon,. "The Gyricon - A Twist Ball Display," Proceedings of the Society of Information Display, Vol. 18/3 
and 4 (1977), the disclosure of which is totally incorporated herein by reference, discloses a gyricon ambient light 
viewed display consisting of an elastomer sheet contained between transparent electrodes. The elastomer sheet 
changes fronrvblack to-white or from white to black depending upon the polarity of the electrical field that is impressed : 
between the electrodes. The elastomer sheet contains a high loading of small balls that are black on one hemisphere 

30 and white on the other. Each ball is contained in an individual oil-filled sphericalcavityand isfree to rotate irr.response* 

i r to the appliedrelectric field. *■ 1 < ; >■ 

[0058] • US. Patent 3,612,758 (Evans et al.), the disclosure of which is totally incorporated herein by reference, dis- 
closes a color display device employing-the electrophoretic migration of color pigment particles to form an image on a 
matrix addressable panel. One coordinate terminal is connected to a line reservoir containing electrophoretic ink par: 

35 tides of a given polarity while the other coordinate terminal is connected to a transparent conductor. The panel is 
viewed through the transparent conductor side in ambient illumination. 

[0059] U.S. Patent 5,930,026 (Jacobson et al.), the disclosure of which is totally incorporated herein by reference, 
discloses an electrophoretic display which has a substantially two-dimensional arrangement of microcapsules each 
having therein an electrophoretic composition of a dielectric fluid and a suspension of particles that visually contrast 

40 with the dielectric liquid and also exhibit surface charges; a pair of electrodes, at least one of which is visually trans- 
parent, disposed on and covering opposite sides of the microcapsule arrangement; and means for creating a potential 
difference between the two electrodes, the potential difference causing the particles to migrate toward one of the 
electrodes. The display may be powered by one or more piezoelectric elements, which are also suitable for powering 
other types of nonemissive displays. 

45 [0060] U.S. Patent 5,961 ,804 (Jacobson et al.), the disclosure of which is totally incorporated herein by reference, 
discloses an application-ready electrophoresis material includes a carrier and a dispersion of microcapsules therein, 
the microcapsules each containing a plurality of phases therein. At least some of the phases contrast visually and and 
exhibit differential responsiveness to an electric field, such that application of the field determines the visual appearance 
of the microcapsules. The material exhibits stability such the visual appearance persists despite removal of the field. 

50 in one aspect, the invention provides for enhanced stability of the visual appearance. In another aspect, the reflectivity 
of at least one of the phases is enhanced. In another aspect, one of the phases is particulate in nature and emits visible 
radiation. 

[0061] U.S. Patent 6,017,584 (Albert et al.), the disclosure of which is totally incorporated herein by reference, dis- 
closes electrophoretic displays and materials useful in fabricating such displays. In particular, encapsulated displays 
55 are disclosed. Particles encapsulated therein are dispersed within a suspending, or electrophoretic, fluid. This fluid 
may be a mixture of two or more fluids or may be a single fluid. The displays may further comprise particles dispersed 
in a suspending fluid, wherein the particles contain a liquid. In either case, the suspending fluid may have a density or 
refractive index substantially matched to that of the particles dispersed therein. Also disclosed are electro-osmotic 



EP 1 262 817A1 



displays. These displays comprise at least one capsule containing either a cellulosic or gel-like internal phase and a 
liquid phase, or containing two or more immiscible fluids. Application of electric fields to any of the electrophoretic 
displays described affects an optical property of the display. 

[0062] U.S. Patent 6,067,185 (Albert et al.) t the disclosure of which is totally incorporated herein by reference, dis- 
5 closes electrophoretic displays and materials useful in fabricating such displays. In particular, encapsulated displays 
are disclosed. Particles encapsulated therein are dispersed within a suspending, or electrophoretic, fluid. This fluid 
may be a mixture of two or more fluids or may be a single fluid. The displays may further comprise particles dispersed 
in a suspending fluid, wherein the particles contain a liquid. In either case, the suspending fluid may have a density or 
refractive index substantially matched to that of the particles dispersed therein. Finally, also disclosed are electro- 
de osmotic displays. These displays comprise at least one capsule containing either a cellulosic or gel-like internal phase 
and a liquid phase, or containing two or more immiscible fluids. Application of electric fields to any of the electrophoretic 
displays affects an optical property of the display. 

[0063] U.S. Patent 6,118,426 (Albert et al.). the disclosure of which is totally incorporated herein by reference, dis- 
closes a process for creating an electronically addressable display including multiple printing operations, similar to a 

15 multi-color process in conventional screen printing. In some of the process steps, electrically non-active inks are printed 
onto areas of the receiving substrate, and in other steps, electrically active inks are printed onto different areas of the 
substrate. The printed display can be used in a variety of applications. This display can be used as an indicator by 
changing state of the display after a certain time has elapsed, or when a certain pressure, thermal, radiative, moisture, 
acoustic, inclination, pH, or other threshold is passed. In one embodiment, the display is incorporated into a battery 

20 indicator. A sticker display is described. The sticker is adhesive backed and may then be applied to a surface to create 
a functional information display unit. This invention also features a display that is both powered and controlled using 
radio frequencies. It describes a complete system for controlling, addressing, and powering a display. The system 
includes an antenna or antennae, passive charging circuitry, and active control system, a display, and an energy storage 
unit. There is also a separate transmitter that provides the remote power for the display. The system is meant to be 

25 used anywhere it is useful to provide intermittent updates of information such as in a store, on a highway, or in an 
airport. A tile-based display allowing a modular system for large area display is created using a printable display ma- 
terial. . 

[0064] - U.S' Patent 6,120,588 (Jacobson), the disclosure of which is totally incorporated herein by reference, dis^ 
closes a system of electronically active inks which may include electronically addressable contrast media, conductors, rt 

30 insulators, resistors, semiconductive materials, magnetic materials, spin materials, piezoelectric materials, optoelee- >; 
i tronic, thermoelectric or radio frequency materials. Also disclosed is a printing system capable of laying down said 
materials in a definite pattern. Such a system may be used for instance to: print a flat panel display complete with : 
onboard drive logic; print a working logic circuit onto any of a large class of substrates; print an electrostatic or piezo-.. 
electric motor with onboard logic and feedback or print a working radio transmitter or receiver. 

35 [0065] U.S. Patent 6,120,839 (Comiskey et al.), the disclosure of which is totally incorporated herein by reference, 
discloses electrophoretic displays and materials useful in fabricating such displays. In particular, encapsulated displays 
are disclosed. Particles encapsulated therein are dispersed within a suspending, or electrophoretic, fluid. This fluid 
may be a mixture of two or more fluids or may be a single fluid. The displays may further comprise particles dispersed 
in a suspending fluid, wherein the particles contain a liquid. In either case, the suspending fluid may have a density or 

40 refractive index substantially matched to that of the particles dispersed therein. Also disclosed are electro-osmotic 
displays. These displays comprise at least one capsule containing either a cellulosic or gel-like internal phase and a 
liquid phase, or containing two or more immiscible fluids. Application of electric fields to any of the electrophoretic 
displays described affects an optical property of the display. 

[0066] U.S. Patent 6,124,851 (Jacobson), the disclosure of which is totally incorporated herein by reference, dis- 
45 closes an electronic book comprising multiple, electronically addressable, page displays. Said page displays may be 
formed on flexible, thin substrates. Said book may additionally encompass memory, power, control functions and com- 
munications. 

[0067] U.S. Patent 6,130,773 (Jacobson et al.), the disclosure of which is totally incorporated herein by reference, 
discloses an electrophoretic display having a substantially two-dimensional arrangement of microcapsules each having 

so therein an electrophoretic composition of a dielectric fluid and a suspension of particles that visually contrast with the 
dielectric liquid and also exhibit surface charges; a pair of electrodes, at least one of which is visually transparent, 
disposed on and covering opposite sides of the microcapsule arrangement; and a power source for creating a potential 
difference between the two electrodes, the potential difference causing the particles to migrate toward one of the 
electrodes. The display may be powered by one or more piezoelectric elements, which are also suitable for powering 

55 other types of nonemissive displays. 

[0068] U.S. Patent 6,130,774 (Albert et al.), the disclosure of which is totally incorporated herein by reference, dis- 
closes an electrophoretic display element including a capsule having a first, larger surface and a second, smaller 
surface. The capsule contains a suspending fluid and at least one particle dispersed within said suspending fluid. 
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Application of a first electrical field causes the particle or particles to migrate towards the first, larger surface of the 
capsule, causing it to take on the visual appearance of the particles. Application of a second electrical field causes the 
particle or particles to migrate towards the second, smaller surface, allowing the capsule to take on the visual appear- 
ance of the dispersing fluid or of a substrate or electrode positioned behind the display element. Displays may be 

5 fabricated from multiple display elements arranged on a substrate. 

[0069] U.S. Patent 6,1 72,798 (Albert et al.), the disclosure of which is totally incorporated herein by reference, dis- 
closes an electrophoretic display element which includes a capsule having a first, larger surface and a second, smaller 
surface. The capsule contains a suspending fluid and at least one particle dispersed within said suspending fluid. 
Application of a first electrical field causes the particle or particles to migrate towards the first, larger surface of the 

10 capsule, causing it to take on the visual appearance of the particles. Application of a second electrical field causes the 
particle or particles to migrate towards the second, smaller surface, allowing the capsule to take on the visual appear- 
ance of the dispersing fluid or of a substrate or electrode positioned behind the display element. Displays may be 
fabricated from multiple display elements arranged on a substrate. 

[0070] U.S. Patent 6,177,921 (Comiskey et al.), the disclosure of which is totally incorporated herein by reference, 

15 discloses addressing schemes for controlling electronically addressable displays including a scheme for rear-address- 
ing displays, which allows for in-plane switching of the display material. Other schemes include a rear-addressing 
scheme which uses a retroreflecting surface to enable greater viewing angle and contrast. Another scheme includes 
an electrode structure that facilitates manufacture and control of a color display. Another electrode structure facilitates 
addressing a display using an electrostatic stylus. Methods of using the disclosed electrode structures are also dis- 

20 closed. Another scheme includes devices combining display materials with silicon transistor addressing structures. 
[0071] While known compositions and processes are suitable for their intended purposes, a need remains for im- 
proved display apparatus. In addition, a need remains for display apparatus capable of exhibiting two or more colors. 
Further, a need remains for display apparatus having photochromic characteristics. Additionally, a need remains for 
display apparatus withphotochromic characteristics wherein the photochromic material is thermally stable. There is ; 

25 also a need for display apparatus with photochromic characteristics wherein both resonance forms of the photochromic 
material are stable. In addition, there is a need for display apparatus with photochromic characteristics wherein the 
two resonance forms of the photochromic material are addressable at different wavelengths. Further, there is a need 
for display apparatus with photochromic characteristics wherein both resonance forms of the photochromic material *-' 
are stable : for reasonable periods of time without the need for constant irradiation to maintain the resonance>form. ? 

30 v.,= ■• f .; i . v • -. 

- i> SUMMARY OF THE INVENTION V ? 

[0072] The present invention is directed to a display comprising an arrangement of a plurality of optically anisotropic v 
rotatable elements, each of said rotatable elements having a surface in contact with an enabling fluid, said rotatable : ~ : 
35 element s bein g electrically dipolar in the presence of the enabling flukJ and thus being subject to rotation uponappli- 
cation of ah^lecfrWieTdrsaid rotatable" elements being free to rotate In place but not free to translate substantially so 
as to disrupt the arrangement of rotatable elements, wherein a first portion of said surface contains a mixture of a 
chelating agent and a spiropyran material of the formula 

40 

N0 2 



45 



50 
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15 wherein n is an integer representing the number of repeat -CH 2 - units and R is -H or -CH=CH 2 , and wherein a second 
portion of said surface contains substantially no spiropyran. 

BRIEF DESCRIPTION OF THE DRAWINGS 

20 [0073] Figure 1 is a gyricon display employing spherical rotatable elements of the present invention. 

[0074J Figures 2A and 2B are, respectively, side and top views of a gyricon display in an embodiment wherein cy- 
lindrical rotatable elements of the present invention are arrayed in a monolayer configuration. 
[0075] Figure 3 illustrates a side view of a gyricon display in an embodiment wherein the rotatable elements of the 
present invention are arrayed in a close-packed monolayer. 

25 [0076] Figures 4(a) through 4(f) are a series of views illustrating gyricon displays each having two different popula- * 
tions of rotatable elements of the present invention, with smaller-diameter rotatable elements filling the interstices in 
a close-packed monolayer of larger-diameter rotatable elements. . - 

• [0077] ; Figure 5 illustrates an embodiment of the invention^ which a close-packed monolayer of rotatable elements 
of the present invention is placed in an enabling fluid directly between transparent electrodes, without an elastomer or 

30 other, cavity-containing substrate medium. ' ? 

[0078] « Figure 6 illustrates an embodiment of the invention in which a plurality of rotatable elements of the present 
invention encapsulated within microcapsules and surrounded by an enabling fluid are dispersed in a substrate. 
[0079] Figure 7 illustrates an embodiment of the invention in which a single rotatable element the present invention 
is encapsulated within a microcapsule and surrounded by an enabling fluid, with the microcapsule being dispersed in 

35 a substrate. 



DETAILED DESCRIPTION OF THE INVENTION 

[0080] An exemplary gyricon display 1 0 is shown in side view in Figure 1 . Bichromal rotatable elements 1 (spherical 

40 balls being illustrated) are disposed in substrate 2 that is swelled by an enabling fluid (in this specific embodiment, a 
dielectric liquid) creating cavities 3 in which the rotatable elements 1 are free to rotate but are not free to translate 
substantially so as to disrupt the arrangement of rotatable elements. The rotatable elements 1 are electrically dipolar 
in the presence of the enabling fluid and so are subject to rotation upon application of an electric field, as by matrix- 
addressable electrodes 4a and 4b. The electrode 4a closest to upper surface 5 is preferably (although not necessarily) 

45 substantially transparent. An observer at I sees an image formed by the two-colored pattern (black and white being 
illustrated in the drawing) of the rotatable elements 1 as rotated to expose their black or white faces (hemispheres) to 
the upper surface 5 of substrate 2. The white hemispheres of the bichromal rotatable elements contain a spiropyran 
photochromic material according to the present invention; when exposed to radiation of the appropriate wavelength, 
these hemispheres of the rotatable elements can be switched from one color to another. 

so [0081] Examples of suitable materials for substrate 2 include elastomers, such as SYLGARD® 1 84, available from 
Dow Corning, Midland, Ml, Stauffer and Wacker V-53 elastomer, and the like, as well as mixtures thereof. After the 
rotatable elements have been dispersed within the liquid elastomer, the elastomer is cured by any desired or effective 
method, such as application of heat, radiation, chemical curing, or the like. Materials other than elastomers are also 
suitable for the substrate 2, such as epoxies, rigid plastics, including poyethylene, polystyrene, plexiglass, or the like. 

55 [0082] Examples of suitable enabling fluids include dielectric liquids such as paraffinic hydrocarbons, such as the 
ISOPAR® series available from Ashland Chemicals, including ISOPAR® L, ISO PAR® M, or the like, fluorinated hydro- 
carbons (both fully fluorinated and partially fluorinated), such as the fully fluorinated hydrocarbon perfluorooctane, the 
partially fluorinated hydrocarbon 3M HFE 7100 available from 3M, and the partially fluorinated polyethylene FREON® 
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TF, vegetable oils, such as soybean oil, coconut oil, and the like, triglyceride liquids, such as tributyrin, tricaproin, and 
the like, silicon oils, such as DOW CORNING® 1 Centistoke 200 oil, 2 Centistoke 200 oil, and 10 Centistoke 200 oil, 
and the like, as well as mixtures thereof. 

[0083] Spherical balls as the rotatable elements have a number of advantages. For example, spherical rotatable 
5 balls can be readily manufactured by a number of techniques, as disclosed in, for example, U.S. Patent 5,262,098, U. 
S. Patent 5,344,594, and other patents and patent applications referenced hereinabove, the disclosures of each of 
which are totally incorporated herein by reference. In addition, spheres are symmetrical in three dimensions, which 
means that fabrication of a gyricon display sheet from spherical particles is straighforward; the balls can be dispersed 
throughout an elastomer substrate, which is then swelled with enabling fluid to form spherical cavities around the balls. 
10 The spherical balls can be placed anywhere within the substrate, and at any orientation with respect to each other and 
with respect to the substrate surface. There is no need to align the balls with one another or with the substrate surface. 
Once in place, a ball is free to rotate about any axis within its cavity. 

[0084] Rotatable elements of other than spherical shape are also suitable for the present invention. Cylindrical ro- 
tatable elements, for example, are suitable. Figures 2A and 2B provide, respectively, side and top views of a gyricon 

15 display 50 in a specific embodiment employing cylindrical rotatable elements. In display 50, rotatable cylinders 51 (in 
this drawing illustrated as being of unit (that is, 1 :1) aspect ratio, although other aspect ratios are also acceptable) are 
arrayed in a monolayer array having a rectangular packing geometry. Preferably (although not necessarily), cylinders 
51 are placed as close to one another as possible in the monolayer. Cylinders 51 are situated in substrate 52, of a 
material such as an elastomer which is swelled by an enabling fluid (not shown) creating cavities 53 in which the 

20 cylinders 51 are free to rotate. The cavities 53 preferably (although not necessarily) are made as small as possible 
with respect to cylinders 51, so that the cylinders nearly fill the cavities. Also, cavities 53 preferably (although not 
necessarily) are placed as close to one another as possible, so that the cavity walls are as thin as possible. Preferably 
(although not necessarily), cylinders 51 are of substantially uniform diameter and situated at a substantially uniform 
distance fromupper surface 55. It will be appreciated that the arrangement of cylinders 51 and cavities 53- in; display 

25 50 minimizes both the center-to-center spacing and the surface-to-surface spacing between neighboring cylinders; 
[0085] The white portions of the cylindrical rotatable elements illustrated in these Figures contain a spiropyran pho- 
tochrome material according to the present invention; when exposed to radiation of the appropriate wavelength, these 
portions;of the: cylindrical rotatable elements can be switched from one color to another. r \ v? ■'■ 

[0086] ^Cylinders 51 are electrically dipolar in the presence of the enabling fluid and so are subject to rotation upon ' 

30 application of an electric field, as by matrix addressable electrodes 54a and 54b. The electrode 54a closestton-ipper 
surface.55 is preferably (although not necessarily) substantially transparent. An observer at I sees an image formed 
by the two-color (black and white illustrated in the drawing) pattern of the cylinders 51 as rotated to expose their black 
or white faces to the upper surface 55 of substrate 52. For example, the observer sees the white faces of cylinders 
sucfrascylinderSI a and the black faces of cylinders such as cylinder 51b. 

35 [0087] The side view Figu re 2A reveals the monolayer construction^ display j>0. The top view of Figure2B illustrates 
the rectangular packing geometry of cylinders 51 in the monolayer, the cylinders 51 appear as squares visible through 
upper surface 55. The centers of cylinders 51 form a square pattern, as shown by exemplary square S. 
[0088] The projected areas of cylinders 51 in the plane of surface 55 preferably (although not necessarily) cover as 
much of the total area of the plane of surface 55 as possible. To this end, cavities 53 preferably are made as small as 

40 possible, ideally no larger than the cylinders themselves (or as close to this ideal as is consistent with proper cylinder 
rotation). The greater the ratio between the sum of the projected areas of the cylinders in the plane of viewing surface 
55 and the total area of viewing surface 55, the greater the display reflectance and the brighter the display. It will be 
appreciated that, whereas the maximum areal coverage theoretically possible with spherical balls (of a single substan- 
tially uniform diameter, without interstitial smaller balls) is about 90.7 percent, the maximum for cylinders is 1 00 percent. 

45 Thus a gyricon display made from a close-packed monolayer of cylinders can be made brighter than a gyricon display 
made from a close-packed monolayer of spherical balls. 

[0089] Other arrangements of cylindrical rotatable elements are also possible, such as cylinders arrayed in two or 
more layers in a substrate, cylinders with parallel longitudinal axes randomly distributed within a substrate, cylinders 
with random longitudinal axes randomly distributed within a substrate, cylinders arrayed in staggered arrays, or the 

so like, as illustrated in, for example, U.S. Patent 6,055,091, the disclosure of which is totally incorporated herein by 
reference. Cylindrical rotatable elements can also be prepared as disclosed in, for example, U.S. Patent 6,055,091 . 
[0090] Figure 3 provides a view of a gyricon display 600 in a specific embodiment. In display 600, rotatable elements 
601 are placed as close to one another as possible in a monolayer in elastomer substrate 602. Substrate 602 is swelled 
by an enabling fluid (not shown) creating cavities 603 in which the rotatable elements 601 are free to rotate. The cavities 

55 603 preferably (although not necessarily) are made as small as possible with respect to rotatable elements 601, so 
that the rotatable elements nearly fill the cavities. Also, cavities 603 preferably (although not necessarily) are placed 
as close to one another as possible, so that the cavity walls are as thin as possible. Preferably (although not necessarily), 
rotatable elements 601 are of substantially uniform diameter and situated at a substantially uniform distance from upper 
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surface 605. It will be appreciated that the arrangement of rotatable elements 601 and cavities 603 in display 600 
minimizes both the center-to-center spacing and the surface-to-surface spacing between neighboring rotatable ele- 
ments. A preferred arrangement of the rotatable elements is a hexagonal array, although other arrays such as rectan- 
gular and rhomboid arrays are also suitable, as illustrated in, for example, U.S. Patent 5,825,529, the disclosure of 

5 which is totally incorporated herein by reference. The white hemispheres of the rotatable elements illustrated in this 
Figure contain a spiropyran photochromic material according to the present invention; when exposed to radiation of 
the appropriate wavelength, these hemispheres of the rotatable elements can be switched from one color to another. 
[0091] Closely packed monolayer gyricon displays can be fabricated by (1) creating a monolayer of rotatable ele- 
ments according to known techniques, such as those disclosed in, for example, "A Simple Method for the Production 

10 of a Two-Dimensional, Ordered Array of Small Latex Particles, R. Micheletto, H. Fukuda, and M. Ohtsu, Langmuir, Vol. 
1 1 , no. 9, pp. 3333 to 3336 (1 995), the disclosure of which is totally incorporated herein by reference, (2) preparing an 
elastomer sheet to contain the rotating elements, and (3) swelling the elastomer by application of a dielectric fluid. 
[0092] A monolayer planar array of spheres of substantially uniform diameter inevitably has interstices between the 
spheres, even if the sphere surfaces touch one another. Light that passes through the interstices into the depths of 

15 the display is essentially lost. To prevent light loss through interstices in a monolayer array, in another embodiment a 
gyricon display is constructed from two populations of rotatable elements. Preferably, rotatable elements in the first, 
or main, population are of a first substantially uniform diameter and rotatable elements in the second, or interstitial, 
population are of a second substantially uniform diameter, with the second diameter chosen so that the rotatable ele- 
ments in the second population can fill the interstices left by close-packing the rotatable elements from the first popu- 

20 lation. 

[0093] Figure 4 illustrates some of these specific embodiments. Each of the series of views in Figure 4 illustrates a 
hexagonally packed planar array of bichromal (black and white in the drawing) balls 1 1 01 with various smaller bichromal 
balls being used to fill the interstices of the array. It will be appreciated that this embodiment can also be carried out 
with rotatable elements of other than spherical ball shape, such as cylindrical shape or the like. The white hemispheres 

25 of balls 1101 face upwards, and their topmost points lie in a plane P. Views (a) and (b) show, respectively, side and 
top views of the array of bichromal balls 1101. Smaller bichromal balls 1102 are situated above balls 1101 (that is, 
closer to the viewing surface of the gyricon display) in the interstices formed by the hexagonal packing arrangement. 
Balls 1102 also have their white hemispheres facing upwards. Balls 1102 are of a diameter such that the plane that 
separates their white.and black hemispheres is plane- P. Views (c) and (d) show, respectively, side and top views of 

30 the array of bichromal balls 1101, with smaller bichromal balls 1 1 02 1 situated above balls 1 1 01 in the interstices formed 
by the hexagonal packings arrangement. Balls 1102' are of a diameter such that their topmost points lie. in plane P. 
Views (e) and (f) show, respectively, side and top views of the array of bichromal balls 1101, with smaller bichromal 
balls 1102" situated above balls 1101 in the interstices formed by the hexagonal packing arrangement. (In views (e) 
and (f), balls 1102" are hidden by balls 1101 and, accordingly, are shown as dashed outlines.) Balls 1102" are of a 

35 diameter such that their surfaces are tangential to the surfaces of balls 1 1 01 when their centers are coplanar with the 
centers of balls 1 1 01 7~as shown. The white hemispheres of the bichromal rotatable elements contain a spiropyran 
photochromic material according to the present invention; when exposed to radiation of the appropriate wavelength, 
these hemispheres of the rotatable elements can be switched from one color to another. 

[0094] Preferably (although not necesssarily), as shown in ail the examples of Figure 4, interstitial balls are situated 
40 in a planar array above the planar array of the main bichromal balls. That is, the plane formed by the centers of the 
smaller balls is closer to the viewing surface than the plane formed by the centers of the monolayer (or close-packed 
top layer) of larger balls. With this arrangement, light reflected from the white hemispheres of the interstitial balls is not 
absorbed by the black hemispheres of the main bichromal balls, as would be the case if the interstitial balls were 
disposed below the layer of larger balls. 
45 [0095] Further, as shown in Figure 4, the interstitial balls preferably are small enough so that their black hemispheres 
do not absorb much of the light reflected by the white hemispheres of the main bichromal balls. In this regard, a tradeoff 
can be made between losses due to absorption by the black hemispheres of the interstitial balls and losses due to 
passage of light through unfilled portions of the interstices. In views (a) and (b) of Figure 4, balls 11 02 almost completely 
fill the interstices between balls 1101 . However, some of the light scattered from the white hemispheres of balls 1101 
so is absorbed by the black hemispheres of balls 1 1 02. (Note that plane P, which is the tangent plane for the tops of balls 
1 1 01 , is also the plane separating the black and white hemispheres of the interstitial balls 1 1 02 . Thus none of the light 
scattered from the very tops of balls 1 1 01 is absorbed by the black hemispheres of balls 1 1 02. This would not be so if 
balls 1102 were made any larger.) In views (c) and (d) of Figure 4, balls 1102' largely fill the interstices between balls 

1101. Some of the light scattered from the white hemispheres of balls 1101 is absorbed by the black hemispheres of 
55 balls 1102', but less so than for interstitial balls 1102 in views (a) and (b) because balls 1102', being smaller than balls 

1102, can be situated with their centers below plane P, so that light scattered by the white hemispheres of balls 1101 
is less likely to reach the black hemispheres of balls 1 1 02' than the black hemispheres of balls 11 02. In views (e) and 
(f) of Figure 4, balls 11 02" only partly fill the interstices between balls 1101 , Balls 11 02" are situated with their centers 
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in the same plane as the centers of balls 1 1 01 , so very little of the light scattered from the white hemispheres of balls 
1 1 01 is absorbed by the black hemispheres of balls 1 1 02". However, light can pass through the portions of the interstices 
between balls 1101 that are left unfilled by balls 1102". Therefore, with interstitial balls 1102", more light is transmitted 
beyond the white hemispheres of balls 1101 than is the case with the larger interstitial balls 1102 or 1102*. 
[0096] In short, as the interstitial balls are made smaller, they can be situated lower with respect to the tops of the 
main bichromal balls, and so can be made to absorb less light with their black hemispheres. However, as the interstitial 
balls are made smaller, they fill a smaller part of the interstitial gaps between the main bichromal balls, and so allow 
more light to pass beyond one hemisphere's depth in the main layer, thereafter to be lost to absorption. 
[0097] Gyricon displays comprising two sets of rotatable elements of two different diameters can be fabricated as 
disclosed in, for example, U.S. Patent 5,825,529, the disclosure of which is totally incorporated herein by reference. 
[0098] In a gyricon display made with swelled elastomer, each rotatable element is situated in a cavity. To achieve 
the closest possible packing of rotatable elements in such a display, the cavities are preferably made as small and as 
close together as possible. To achieve still higher packing density, a gyricon display can be constructed without elas- 
tomer and without cavities. In such a display, the rotatable elements are placed directly in the enabling fluid. The 
rotatable elements and the enabling fluid are then sandwiched between two retaining members (such as addressing 
electrodes). There is no elastomer substrate. 

[0099] Figure 5 illustrates a side view of a no-cavities gyricon display. In display 2100, a monolayer of rotatable 
elements 2101 (spherical balls being illustrated, although other configurations are also possible, such as cylinders, 
prisms, or the like), preferably (although not necessarily) of substantially uniform diameter is situated in enabling die- 
lectric fluid 21 09 between matrix-addressable electrodes 21 04a and 21 04b. Preferably (although not necessarily) when 
rotatable elements 2101 are spherical, they are arranged in a hexagonal array within the monolayer, packed as close 
together as is possible consistent with proper ball rotation. Rotatable elements 2101 are electrically dipolar in the 
presence of enabling dielectric fluid 2109 and so are subject to rotation upon application of an electric field, as by 
electrodes 2104a and 2104b. The electrode 2104a closest to upper surface 2105 is preferably (although not ^neces- 
sarily) substantially transparent. An observer at I sees an image formed by the two-color pattern (black and white being 
illustrated in this drawing) of the rotatable elements 21 01 as rotated to expose their black or white hemispheres 1 to the 
upper.surfaca21 05 of display 21 OO.The white hemispheres of the bichromal rotatable elements contain a spiropyran 
photochromic material according to. the present invention; when exposed to radiation of the appropriate wavelength, 
i these hemispheres of the rotatable elementsican be switched from one color to another. ,- 
[0100] Electrodes 21 04a and 21 04b serve both to address rotatable elements 21 01 and to retain rotatable elements 
s 21.01 and fluid 21 09 in place. Preferably (although not necessarily) the spacing between electrodes 2104a and"2104bv 
vis as close to the diameter of rotatable elements 21 01 as is possible consistent with proper element rotation. Rotatable 
elements 2101 and fluid 2109 can be sealed in display 2100, for example by seals at either end of the display (not 
shown). ■ ■.. 
[0101] The close packing of rotatable elements 2101 in the monolayer, together with the close spac ing of th e _elec- 
trodes 2104a and 2104b, ensures that rotatable elements 2101 do not settle, migrate, or otherwise escape from their 
respective positions in the monolayer. Interstitial rotatable elements (not shown) can also be included in display 21 00, 
by, for example, using the arrangement and interstitial rotatable element diameter shown in views (c) and (d) of Figure 
4. The smaller rotatable elements are retained in place from above by upper electrode 2104a and from below by the 
larger rotatable elements 2101. 

[0102] This embodiment can also be employed with nonspherical rotatable elements, as illustrated in, for example, 
U.S. Patent 6,055,091 , the disclosure of which is totally incorporated herein by reference. 

[0103] In a gyricon display made with swelled elastomer, each rotatable element is situated in a cavity in a substrate, 
with an enabling fluid filling the cavity. In other embodiments, a gyricon display is made wherein the rotatable element 
is encapsulated within a microcapsule skin. An enabling fluid is situated between the rotatable element and the micro- 
capsule skin. The microcapsules containing the rotatable elements and the enabling fluid constitute voltage sensitive 
. members that can be dispersed in any medium or substrate across which an electrical field can be impressed, including 
solids, liquids, liquids curable or otherwise convertible to solids, slurries containing a liquid and solid particles, solid 
particles that immobilize the microcapsules, or the like. For example, the microcapsules can be dispersed in a liquid, 
such as an optically clear epoxy, which can subsequently be hardened. If the hardened liquid, now a solid, is of sufficient 
strength no further protection is required. The resultant display is then in the form of a thin, paper-like sheet without 
the bulkiness and optical problems created by protective cover sheets. Since the substrate need not be selected from 
elastomers or other materials that swell when plasticized, a wide range of materials can be employed as substrates. 
Alternatively, the resultant display can easily be conformally coated onto a non-planar surface for even greater flexibility 
of applications. For example, the microcapsules can be mixed with a transparent hardenable material, such as a var- 
nish, and the resulting dispersion can be coated onto objects of any shape, articles of decoration or camoflauge, fabrics, 
articles of clothing, or the like. 

[0104] As illustrated in Figures 6 and 7, bichromal rotatable element 3015 (spherical balls being illustrated) is en- 
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capsulated within microcapsule skin 3020. Surrounding rotatable element 3015 and within microcapsule skin 3020 is 
a sufficient thickness of enabling fluid 3014 to allow free rotation of the rotatable element 3015 within microcapsule 
skin 3020. Optionally, the microcapsules are disposed within substrate 301 7. The white hemispheres of the bichromal 
rotatable elements illustrated in these Figures contain a spiropyran photochromic material according to the present 
5 invention; when exposed to radiation of the appropriate wavelength, these hemispheres of the rotatable elements can 
be switched from one color to another. . 

[0105] The microcapsule shell containing the rotatable element and the enabling fluid can be made by any desired 
or suitable process. One suitable process comprises (1) coating the rotatable element with the desired shell material 
by, for example, vacuum coating of a material such as PARYLENE®, precipitation of a polymer onto the rotatable 

10 element surface by temperature change, pH change, or the like, as disclosed in, for example, "Polymer-Encapsulated 
Particles with Controlled Morphologies: Preparation, Characterization and Application", Wei-Hsin Hou, Ph.D. Thesis, 
Lehigh University, 1991 , UMl Disseration Service, University Microfilms International, Ann Arbor, Ml, the disclosure of 
which is totally incorporated herein by reference, depositing a hardenable liquid, such as an epoxy or the like, onto the 
rotatable element by any desired method, such as a mist or in a tumbling situation such as in a fluidized bed or the 

15 like, deposition of a polymer by an electrostatic painting process, or the like, and (2) after applying the coating, im- 
mersing the rotatable element in a dielectric liquid which has a chemical affinity for the coating and plasticizes it, causing 
it to swell; this process will also drive the liquid into the space between the ball and the coating, at least partially filling 
it. Subsequently placing the microcapsules thus formed into a second liquid that diffuses more rapidly through the shell 
than the first liquid will tend to fill the space within the shell more fully. 

20 [0106] Another method for preparing the microcapsule shell containing the rotatable element and the enabling fluid 
employs interfacial polymerization, as disclosed in, for example, Microcapsule Processing and Technology, Asaji Kon- 
do, Marcel Dekker, Inc. (1979) and U.S. Patent 5,604,027, the disclosures of each of which are totally incorporated 
herein by reference. 

[0107] Other methods for preparing the encapsulated rotatable elements are disclosed in, for example, Copending 
25 Application U.S. Serial No. 09/749,379, Copending Application U.S. Serial No. 09/749,379, Copending Application U. 
S. Serial No. 09/723,1 87, and Copending Application U.S. Serial No. 09/722,565, the disclosures of each of which are 
totally incorporated herein by reference. 

[0108] The photochromic spiropyran materials of the present invention can also be used in rotatable elements as 
disclosed in, for example, U.S. Patent 4,261 ,653, the disclosure.of which is totally incorporated herein by reference. 
30 [0109] The rotatable elements^ the present invention contain. a spiropyran material of the formula 
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spiropyran (colorless) 



merocyanine (red) 



wherein n is an integer representing the number of repeat -CH 2 - units, typically being from about 2 to about 8, although 
the value of n can be outside of this range, and R is -H or -CH=CH 2 . The anionic -COO- and -S0 3 - groups are, of 
course, accompanied by cations. Any desired or suitable cations can be employed. Materials of the formula 




(CH2)n 

(Up 



N62 



can be prepared by the reaction of 2,3,3-trimethylindolenine with (J-iodopropionic acid, followed by condensation with 
5-nitrosalicaldehyde in the presence of triethylamine. Materials of the formula 




can be prepared by the reaction of 2,3,3-trimethylindolenine with y-sulfone, followed by condensation with 5-nitrosal- 
icaldehyde in the presence of triethylamine. The spiropyran can be present in or on the rotatable elements in any 
desired form, including (but not limited to) as a coating covering part but not all of the rotatable element, as a dispersion 
within the core material of the rotatable element which also has a coating of a color other than the colored form of the 
spiropyran covering part but not all of the rotatable element, or the like. When the spiropyran is dispersed within the 
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core material of the rotatable elements, the spiropyran is present in the rotatable elements in any desired or effective 
amount, typically at least about 0.01 percent by weight of the rotatable element core, preferably at least about 0.05 
percent by weight of the rotatable element core, and more preferably at least about 0.5 percent by weight of the rotatable 
element core, and typically no more than about 5 percent by weight of the rotatable element core, although the amount 
5 can be outside of these ranges. When the spiropyran is present as a partial coating on the core material of the rotatable 
elements, the coating is of any desired or effective thickness, typically at least about 0.5 micron, and preferably at least 
about 1 micron, and typically no more than about 5 microns, and preferably no more than about 3 microns, although 
the thickness can be outside of these ranges. 

[0110] In one embodiment of the present invention, a display comprises (a) a member having an optically transmis- 
10 sive viewing surface, (b) a closely packed stable layer arrangement of the rotatable elements rotatably disposed in the 
enabling fluid behind the viewing surface with respect to an observer situated favorably to observe the viewing surface, 
at least some of the rotatable elements thus being observable by the observer through the viewing surface, neighboring 
rotatable elements tending to keep one another in place in the arrangement, and (c) a retaining structure to retain in 
place with respect to the viewing surface the rotatable elements thus disposed, the retaining structure being disposed 
15 entirely outside the layer of rotatable elements and not occupying any spaces between the rotatable elements in the 
layer 

[0111] Another embodiment of the present invention provides a display wherein the rotatable elements are of two 
populations, said first population comprising rotatable elements of a first substantially uniform diameter and said second 
population comprising rotatable elements of a second substantially uniform diameter, wherein the diameter of rotatable 
20 elements of the second population is smaller than the diameter of rotatable elements of the first population and wherein 
the diameter of rotatable elements of the second population is such that the rotatable elements in the second population 
can fill interstices left by close-packing the rotatable elements from the first population. 

[0112] A display is preferred wherein the rotatable elements comprise a core and a partial coating on said core, 
wherein the spiropyran and chelating agent are contained within the core, and wherein the partial coating is the second 

25 portion of the surface of the rotatable element. Also preferred is a display wherein the rotatable elements comprise a 
core and a partial coating on said core, wherein the spiropyran and chelating agent are contained within the coating, 
and wherein the partial coating is the first portion of the surface of the rotatable element. Further preferred is a display 
wherein the rotatable elements have at least three aspects. Even further preferred is a display wherein a third portion 
of said rotatable element surface contains substantially no spiropyran and wherein said third portion is of a different 

30 . color from the second portion. More preferred is-the display wherein said third portion is of a different color from the 

v first portion. * 

[0113] The rotatable elements of the present invention also contain a chelating agent with which the merbcyanine 
form of the spiropyran can chelate to stabilize this form of the molecule. Examples of suitable chelating agents include 
metal salts in the +2 state, such as Ca 2+ , Zn 2+ , Mg 2+ , transition metals, and the like, wherein the accompanying anion 

35 or anions are such that the rneta[s a,t is water soluble^uch as nitrate, c hloride, bromide, and the like. The chelating 
agent is present in the roTatable elements in any desired or effective amount, typically in a molar ratio to the spiropyran 
of at least about 1 mole of chelating agent for every 1 mole of spiropyran, preferably at least about 2 moles of chelating 
agent for every 1 mole of spiropyran, more preferably at least about 3 moles of chelating agent for every 1 mole of 
spiropyran, and even more preferably at least about 5 moles of chelating agent for every 1 mole of spiropyran, and 

40 typically no more than about 10 moles of chelating agent for every 1 mole of spiropyran, although there is no upper 
limit on the amount of chelating agent that can be present, and although the amount of chelating agent can be outside 
of these ranges. 

[0114] The rotatable elements can be of any desired rotatable shape or configuration, such as spheres, cylinders, 
prisms, or the like. The rotatable elements can be prepared by any desired or effective method. For example, the 

45 rotatable elements can be of glass, silicon, plastics such as polyethylene, polymethyl methacrylate, polycarbonate, 
nylon, commercially available materials such as POLYWAX® 1 000 available from Baker Chemical, or the like, alumi- 
num, epoxies, waxes such as carnauba wax, candelia wax, castor wax, or the like, a core (silicon, plastics such as 
polyethylene, polymethyl methacrylate, polycarbonate, nylon, commercially available materials such as POLYWAX® 
1000 available from Baker Chemical, or the like, aluminum, epoxies, waxes such as carnauba wax, candelia wax, 

50 castor wax, or the like) onto which has been coated by any desired technique (such as vacuum deposition, sputtering 
or the like) another material such as titanium oxide, indium, magnesium fluoride, aluminum, antimony trisulfide, silicon 
monoxide, silicon dioxide, amorphous silicon, or the like, a core (silicon, plastics such as polyethylene, polymethyl 
methacrylate, polycarbonate, nylon, commercially available materials such as POLYWAX® 1000 available from Baker 
Chemical, or the like, aluminum, epoxies, waxes such as carnauba wax, candelia wax, castor wax, or the like) into 

55 which has been dispersed a colorant, such as ferroelectric ceramics, such as lead zirconate titanate, magnetites, 
ferrites, iron oxide, manganese ferrites, DUPONT® R900 titanium dioxide, carbon black, such as CABOT® MOGUL® 
Land CABOT® MONARCH® 1000, FERRO®6331 black pigment, BAKER® CHEMICAL Cresyl violet blue, BAKER® 
CHEMICAL Rhodamine 6G, DUPONT® Rhodamine Bl, DUPONT® Spirit Blue NS, DUPONT® Victoria Blue B base, 
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ALLIED® CHEMICALS iosol Blue, EASTMAN® Acridine orange, CALCO® OIL blue N, CALCO® OIL black, other 
pigments or dyes, or the like. The photochromic spiropyran material and chelating agent can be vacuum deposited 
onto portions of the rotatable elements so that at least a first portion of the surface of the rotatable element has the 
photochromic spiropyran material and chelating agent thereon and at least a second portion of surface of the rotatable 
5 element has substantially no photochromic spiropyran material thereon. Any desired or effective vacuum deposition 
method can be employed, such as those disclosed in, for example, U.S. Patent 4,438,160, the disclosure of which is 
totally incorporated herein by reference, or the like. 

[0115] Alternatively, the photochromic spiropyran material and the chelating agent can be dispersed within the core 
materia! of the rotatable element, and a second material of another color (such as titanium oxide, indium, magnesium 

10 fluoride, aluminum, antimony trisulfide, silicon monoxide, silicon dioxide, amorphous silicon, or the like) can be vacuum 
deposited onto portions of the rotatable elements so that at least one portion of the surface of the rotatable element 
has the second material thereon and at least one portion of the surface of the rotatable element has substantially no 
second material thereon (thereby leaving the core material containing the photochromic spiropyran material and chelat- 
ing agent exposed on the surface). 

15 [0116] Spherical rotatable elements of the present invention can also be prepared by the methods disclosed in, for 
example, U.S. Patent 5,262,098, the disclosure of which is totally incorporated herein by reference, wherein two por- 
tions of a hardenable material (such as a wax, a curable epoxy, or the like) are prepared, one containing therein the 
photochromic spiropyran material and the chelating agent, the other containing substantially no photochromic spiro- 
pyran material and, optionally, a colorant (including pigments, dyes, mixtures thereof, or the like) of any desired color, 

20 and the two differently colored portions of hardenabie material are used with an apparatus as disclosed in the patent 
to form bichromal balls. Multichromal rotatable elements of two or more colors can also be prepared by similar methods 
as disclosed in, for example, U.S. Patent 5,344,594, the disclosure of which is totally incorporated herein by reference. 
Cylindrical rotatable elements of the present invention can be prepared with high viscosity hardenable liquids by similar 
- processes, as disclosed in, for example, U.S. Patent 6,055,091 , the disclosure of which is totally incorporated herein 

25 by reference. 

[0117] Additional methods for preparing rotatable elements are disclosed in, for example, Copending Application U. 
S. Serial No. 09/360,052, Copending Application U.S. Serial No. 09/360,088, Copending Application U.S. Serial No. 

C ■ .09/749,379, and Copending Application U.S. Serial No. 09/465,801 , the disclosures of each of which are totaliyincor- . 
\porated herein by reference. - . , < • v 

3p [0118] Rotatable elements can also be prepared by chemical methods, such as those disclosed in, for example, U. : 
S. Patent 5,989,629- Copending Application U.S. Serial No. 09/035,518, and Copending Application U.S. Serial No:' 
. 09/723,187, the disclosures of each of which are totally incorporated herein by reference. 
[0119] Also included within the scope of the present invention are rotatable elements having three or more aspects, 
at least one of which comprises the photochromic spiropyran material and the chelating agent. Rotatable elements 

3 5 with three or more aspec ts and methods for the preparation thereof are dis close d in, foj^example, U.S. Patent 5,777,782, 
U.S. Patent 5,717,514, U.S." Patent 5,919,409^ U.S. Patent 5,891~479, U.S. Patent 5,708,525, U.S. Patent 5, 75~1 ,268, 
U.S. Patent 5,760,761, U.S. Patent 5,892,497, U.S. Patent 5,737,115, U.S. Patent 5,767,826, and U.S. Patent 
5,894,367, the disclosures of each of which are totally incorporated herein by reference. 

[01 20] The surface portions of the rotatable elements of the present invention having the spiropyran therein or thereon 
40 are photochromic in that they have a first state corresponding to a first absorption spectrum and a second state cor- 
responding to a second absorption spectrum. 

[0121 ] The photochromic shift from the first state to the second state can be effected by any method suitable for the 
photochromic material. Examples of methods for inducing the photochromic shift include irradiation with radiation of a 
suitable wavelength, typically from about 190 to about 425 nanometers, although the wavelength can be outside this 

^5 range. The reverse photochromic effect can be induced by irradiation with visible light, typically in the wavelength range 
of from about 425 to about 700 nanometers, although the wavelength can be outside this range, or by the application 
of heat. By exposing the rotatable elements of the present invention to radiation of the appropriate wavelength, the 
surface portions of the rotatable elements having the spiropyran therein or thereon can be switched from one color to 
another, either in imagewise fashion by imagewise exposure to radiation or uniformly by uniform exposure to radiation. 

50 Another embodiment of the present invention is directed to a process which comprises (a) providing a display according 
to the present invention; (b) applying to the display an electrical field, thereby causing a first population of said rotatable 
elements to rotate so that said first portion is oriented toward a viewer and causing a second population of said rotatable 
elements to rotate so that said second portion is oriented toward the viewer; and (c) exposing said display to radiation 
at a wavelength effective to cause the spiropyran material in the first portion of at least some members of the first 

55 population of rotatable elements to shift to a merocyanine form. In a specific embodiment, subsequent to step (c), the 
display is exposed to radiation at a wavelength effective to cause at least some of the rotatable elements containing 
the material in the merocyanine form to shift back to the spiropyran. 

[0122] The mixture of photochromic spiropyran material and chelating agent is sufficiently different in electrical char- 
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acteristics from the material comprising the portion or portions of the rotatable element having substantially no photo- 
chromic spiropyran material thereon that an electrical dipole moment is associated with the rotatable element, enabling 
rotation of the rotatable element in the presence of an applied external field. The electrical anisotropy of a rotatable 
element need not be based on zeta potential. It is sufficient that there is an electrical dipole moment associated with 

5 the rotatable element, the dipole moment being aligned with respect to the rotatable element in such a way as to 
facilitate a useful rotation of the rotatable element in the presence of an applied external electric field. (Typically, the 
dipole moment is oriented along an axis of symmetry of the rotatable element.) Further, it should be noted that a 
rotatable element can have an electrical monopole moment in addition to its electrical dipole moment, as for example 
when the dipole moment arises from a separation of two positive charges of different magnitudes, the resulting charge 

10 distribution being equivalent to a positive electrical monopole superposed with a electrical dipole. 

[0123] Specific embodiments of the invention will now be described in detail. These examples are intended to be 
illustrative, and the invention is not limited to the materials, conditions, or process parameters set forth in these em- 
bodiments. All parts and percentages are by weight unless otherwise indicated. 

15 EXAMPLE I Preparation of Carboxylate and Sulfonate Substituted Spiropyran Salts 

Step 1: Synthesis of 2.3.3-trimethylindolinium salts 

[0124] 

20 



R- 




30 [0125] Because of the relatively weak nucleophliicity of 2,3,3-trimethylindolenine (where R is hydrogen) or its vinyl 
derivative 2,3,3,8-vinyl tryimethylindolenine (where R is vinyl), the syntheses of 2,3,3-trimethylindolinium salts were^ 
conducted either in the absence of any solvent or with a dipolar aprotic solvent (nitromethane) at 1 00°C, 
[0126] Vinyl containing indolenine precursors can be prepared by Friedel-Crafts acylation of the precursors for the 
preparation of polymerizable spiropyrans. Alternatively, Friedel-Crafts acylation of the spiropyrans can be carried out. 

35 A general sy nthetic ro ute to these matejlalsjs disclosed in, for example, G. K. Ha mer, I. R. Peat, and W. F. Re ynolds, 
"Investigations of Substituent Effects by Nuclear Magnetic Resonance Spectroscopy and All- Valence Electron Molec- 
ular Orbital Calculations. I. 4-Substituted Styrenes," Can. J. Chem., Vol. 51, 897-914 (1973) and G. K. Hamer, I. R. 
Peat, and W. F. Reynolds, "Investigations of Substituent Effects by Nuclear Magnetic Resonance Spectroscopy and 
All-Valence Electron Molecular Orbital Calculations. ll.4-Substituteda-Methylstyrenesanda-t-Butylstyrenes, u Can. J. 

40 Chem., Vol. 51 , 915-926 (1 973), the disclosures of each of which are totally incorporated herein by reference, and is 
outlined below. 




55 
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1)Al((CM3) 2 CHO) H2C=CH 

I PA /Toluene 
2)Distillation/KHS0 4 




10 



15 



[0127] Alkylating agents that can be used in this reaction (all available from Aldrich Chemical Co., Milwaukee, Wl) 
are 3-iodopropionic acid, ethyl 5-bromopentanoate, 6-bromohexanoic acid, 1 ,3-propylsulfone, and 1 ,4-butylsulfone. 
The choice of these reagents ensures that competing ring-formation and/or acid-base reactions are minimal to allow 
for nucleophilic attack of the sp2-N. 

IA Synthesis of N-(2-carboxyethyl)-2,3,3-trimethylindolinium Iodide 



[0128] The general procedure for the preparation of the 2,3,3-trimethyiindolinium salt intermediates is illustrated 
through the reaction of 2-iodopropionic acid and 2,3,3-trimethylindolenine. Vinyl containing intermediates can also be 
20 prepared from the N-(2-carboxyethyl)-2,3,3-trimethylindolinium iodide. 



25 



30 




35 a 2-necked 50 milliliter round-bottomed flask equipped with a magnetic stirring bar and an argon inlet was charged 
with re-distilled (pressure 2 mm Hg, temperature 45°C) 2,3,3-trimethylindolenine (7.95 grams, 50.0 mmol) and 3-io- 
dopropionic acid (2.00 grams, 1 0 mmol). The mixture was heated to 80°C for 1 2 hours, during which time the product 
precipitated out of solution and formed a highly viscous medium. Upon cooling, the reaction mixture was extracted 
three times with 200 milliliter portions of diethyl ether to remove all of the unreacted starting material. The remaining 

40 crystalline solid was then dissolved in 10 milliliters of water, extracted three times with 50 milliliter portions of diethyl 
ether, and extracted three times with 25 milliliter portions of CHCI 3 . The aqueous layer was then removed and dried 
under vacuum (1 .0 mm Hg) for 24 hours. The resulting amorphous solid was then recrystallized from toluene/CHC! 3 
mixtures to produce the N"(2-carboxyethyl)-2,3,3-trimethylindolinium iodide product as 3.0 grams of a yellow solid (83.5 
percent yield). 1 H and 13 C NMR spectra indicated the following: 

45 1H NMR (400.1 MHz) in DMSO-d 6 : 8 7.97 (1 H, m), 7.83 (1 H, m), 7.59 (2H, m), 4.64 (2H t t, J = 6, N-CH 2 ), 2.97 (2H, 
t, J = 6, CH 2 CO), 2.86 (3H, s, CH 3 ), 1 .52 (6H, s, CH 3 ). 

13 C NMR (100.1 MHz) in DMSO-d 6 : 198.0, 171 .6, 141 .8, 140.7, 129.5, 129.1 , 123.7, 115.7, 54.4, 43.9, 31 .3, 22.1, 15.0. 



50 
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Synthesis of N-Cethylpentanoyn^.S^-trimethylindolinium Bromide 
[0129] 



10 



15 




20 [0130] N-(ethylpentanoyl)-2,3,3-trimethylindolinium bromide was prepared by the process set forth in Example I A 
with 2,3,3-trimethylindolenine and ethyl 5-bromopentanoate to produce 2.65 grams (78 percentyield) of reddish-yellow 
crystals. 1 H and 13 C NMR spectra indicated the following: 

1H NMR (400.1 MHz) in DMSO-d 6 : 5 8.02 (1H, m), 7.83 (1 H, m), 7,61 (2H, m), 4.48 (2H, t, J = 6, N-CH 2 ), 4.01 (2H, t, 
J = 7, 0-CH 2 ), 2.84 (3H, s, CH 3 ), 2.40 (2H, t, J = 7, CH 2 CO), 2.08 (4H, m; -GH 2 ), 1 .53 (6Hi s, CH 3 ), 1 .13 (3H, t, J = 7 Hz). 
25 13c NMR (100.1 MHz) in DMSO-d 6 : 197.0, 173.8, 172.3, 141.9, 141.2, 129.4, 128.9, 123.6, 115.3, 60.2, 54.3, 46.9, 
30.3,22.4,22.0,14.1. 

IC Synthesis of N-(5-carboxypentyl)-2,3,3-trimethylindolinium Bromide 
30 [0131] - v':' 



35 



40 




[0132] N-(5-carboxypentyl)-2,3,3-trimethylindoiinium bromide was prepared by the process set forth in Example I A 
with 2,3,3-trimethylindolenine and 6-bromohexanoic acid to produce 2.43 grams (71.2 percent yield) of yellow 
crystals. 1 H and 13 C NMR spectra indicated the following: 

1 H NMR (400.1 MHz) in DMSO-d 6 : 5 7.98 (1 H, m), 7.86 (1 H, m), 7.60 (2H, m), 4.46 (2H, t, J = 6, N-CH 2 ), 2.85 (3H, 
50 s , CH 3 ), 2.21 (2H, t, J = 7, CH 2 CO), 1 .83 (2H, m, -CH 2 ), 1 .52 (6H, s, CH 3 ), 1 .46 (4H, s, -CH 2 -). 

13C NMR (100.1 MHz) in DMSO-d 6 : 196.9, 174.7, 142.3, 141.5, 129.6, 129.4, 123.9, 115.9, 54.6, 47.9, 33.8, 27.4, 
25.8,24.5,22.4,14.6. 



55 



EP1 262 817 A1 

ID Synthesis of 2,3,3-trimethylindolinium-N-propylsulfonate 
[0133] 
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[0134] 2,3,3-trimethylindolinium-N-propylsulfonatewas prepared by the process set forth in Example IAwith2,3,3-tri- 
methylindolenine and 1 ,3-propylsultone to produce 2.98 grams (94 percent yield) of white crystals. 1 H and 13 C NMR 
20 spectra indicated the following: 

1H NMR (400.1 MHz) in DMSO-d 6 : 5 7.99 (1H, m), 7.77 (1H, m), 7.55 (2H, m), 4.60 (2H, t, J = 7, N-CH 2 ), 2.78 (3H, s, 
CH 3 ), 2.61 (2H, t, J = 7, CH 2 S0 3 -), 2.11 (2H, m, -CH 2 -), 1.47 (6H, s, CH 3 ). 

13 C NMR (100.1 MHz) in DMSO-d 6 : 196.9, 142.2, 141.5, 129.6, 129.2, 123.7, 115.7, 54.4,47.7, 46.9,24.0,22.3, 14.1. 
25 IE Synthesis of 2,3,3-trimethylindolinium-N-butylsulfonate 
[0135] 




[0136] 2,3,3-trimethylindolinium-N-butylsulfonate was prepared by the process set forth in Example lAwith 2,3,3-tri- 
methylindolenine and 1 ,4-butylsuIfone to produce 2.86 grams (89.2 percent yield) of white crystals. 1 H and 13 C NMR 
45 spectra indicated the following: 

1 H NMR (400.1 MHz) in DMSO-d 6 : 5 8.03 (1H, m), 7.82 (1H, m), 7.60 (2H, m), 4.48 (2H, t, J = 7, N-CH 2 ), 2.85 (3H, s, 
CH 3 ), 2.49 (2H, m, CH 2 S0 3 -), 1 .97 (2H, m, -CH 2 -), 1 .76 (2H, m, -CH 2 -) 1 .53 (6H, s, CH 3 ). 

13 C NMR (100.1 MHz) In DMSO-d 6 : 196.9, 142.2, 141.5, 129.6, 129.2, 123.7, 115.7, 54.4, 47.7,46.9, 24.0. 22.8, 22.3, 
14.1. 

50 

EXAMPLE II Preparation of Carboxylate Substituted Spiropyran Salts 

Step 2: Synthesis of 6-nitro-benzoindolino spiropyrans (BIPS) 

5 5 [0137] In the presence of a base, the functionalized salts were converted to an activated Fischer Base capable of 
undergoing a condensation reaction with 5-nitrosallca!dehyde. The solvent used in this reaction was ethanol, since the 
majority of spiropyrans are only partially soluble in this medium. 
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II A Synthesis of 6-Nitro-N-(2-carboxyethy l )spirobenzoindolinopyran 

[0138] The general procedure for the preparation of the spiropyrans is illustrated through the condensation of 2-car- 
boxyethyl-2 t 3,3-trimethylindolinium iodide with 5-nitrosalicaldehyde in the presence of a base, triethylamine. 

25 



35 



40 



45 




[0139] Into a 50 milliliter round-bottomed flask equipped with a water condenser topped with a pressure-equalized 
dropping funnel was added 2-carboxyethyi-2,3,3-trimethylindolinium iodide (prepared as described in Example IA; 1 .0 
gram, 2.78 mmol) and 5-nitrosalicaldehyde (0.50 gram, 3.0 mmol). Ethanol was added until the solids dissolved at 
reflux temperature, followed by addition of triethylamine (0.280 gram, 2.78 mmol) in 5 milliliters of ethanol via the 
dropping funnel over 20.minutes. Addition of the base resulted in an immediate color change to purple, signifying that 
spiropyran formation was occurring. The mixture was refluxed for 6 hours and then cooled to room temperature. The 
volume was concentrated to 5 milliliters before cooling the flask to 0°C in a refrigerator for 24 hours. The spiropyran 
precipitate was filtered under vacuum and recrystallized from ethanol to give yellow crystals of 6-nitro-N-(2-carboxye- 
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thyl)spirobenzoindolinopyranj yield 0.763 grams (72.2 percent), melting point 192-1 94°C. 1 H NMR, 13 C NMR, IR, and 
UV-visible spectra indicated the following: 

1 H NMR (400.1 MHz) in DMSO-d 6 : 8 8.21 (1H, d, J = 3), 8.00 (1 H, d, J = 9), 7.21 (1H, d, J = 10.5), 7.11 (2H, m), 6.87 
(2H, m), 6.67 (1H, d, J = 7.8), 6.00 (1H, d, J = 10.5), 3.42 (2H, J = 6, N-CH 2 ), 2.50 (2H, t, J = 6, CH 2 CO), 1.18 (3H, s, 
5 CH 3 ), 1.07 (3H,s, CH 3 ). 

13C NMR (100.1 MHz) in DMSO-d 6 : 173.7, 159.9, 146.9, 141.3, 136.5, 129.0, 128.5, 126.5, 123.6, 122.6, 120.1, 119.7, 
116.3, 107.5, 107.3, 53.5, 34.0, 26.4, 20.3. 

IR (KBr, cm' 1 ): 3030, 3000, 2971, 1709, 1654, 1610, 1575, 1510, 1483, 1457, 1441, 1360, 1330, 1270, 1141, 1088, 
1020, 915, 803. 
10 U V-Visible (DMSO, A. max (e)): 336 nm, 9,600 M^cm-1 . 

Elemental analysis: Calculated for C 21 H 20 O 5 N 2 : C, 65.30; H, 5.26; N, 7.30. Found: C, 64.96; H, 5.23; N, 7.22. 

IIB 

Synthesis of 6-Nitro-(N-ethylpentanoyl)spirobenzoindolinopyran 

15 

[0140] 



20 

R 




OEt 



35 [0141] 6-Nitro-(N-ethylpentanoyi)spirobenzoindolinopyran was prepared by the process set forth in Example HA with 
5-nitrosalicaldehyde and N-(ethylpentanoyl)-2,3,3-trimethylindolinium bromide (prepared as described in Example 
IB). 1 H NMR spectra indicated the following: 

1 H NMR (400.1 MHz) in CDCI 3 : 6 7.99 (2H, m), 7.15 (1H, t), 7.06 (1H, d), 6.86 (2H, t), 6.72 (1H, d), 6.60 (1H, t), 5.85 
(1H, d), 4.08 (2H, q, 0-CH 2 ), 3.17 (2H S t), 2.39 (2H, CH 2 CO), 2.00 (4H, m, -CH 2 ), 1.22 (9H, m, CH 3 ). 
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Deprotection of the Chelating Functionality 
[0142] 
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20 

[0143] To a 50 milliliter round-bottomed flask equipped with a magnetic stir bar and an argon inlet was added finely 
ground 6-nitro-(N-ethylpentanoate)spirobenzoindolinopyran (1.0 gram, 2.28 mmol) and dissolved in 10 milliliters of 
THF. Sodium hydroxide (25 milliliters of a 1 Molar solution) was added to the solution and stirred for 24 hours before 
rotary evaporation at room temperature under high vacuum. The solids were dissolved in a minimum amount of water 
25 and the product was precipitated through neutralization with 1 Molar hydrochloric acid. Vacuum filtration isolated the 
solid, which was recrystallized from ethanol to yield 0.962 gram of yellow-red crystals of 6-nitro-(N-4-carboxylbutyl) 
spirobenzoindolinopyran (94 percent yield), melting point 139-141°C. 1 H NMR, 13 C NMR, IR, and UV-visible spectra 
indicated the following: 

1H NMR (400.1 MHz) in DMSO-d 6 : 5 8.19 (1H, d, J = 2.8), 7.97 (1H, d, J = 9,0), 7.19(1 H, d, J = 10.4), 7.0* (2H, m), 
30 6.84(1H, d, J = 7.2), 6.76(1H, t, J = 7.2), 6.57 (1H, d, J = 7.8), 5.98 (1H, d, J = 10.4), 3.10 (2H, m, N-CH 2 ), 2.16 (2H, 
' t, J - 6.8, CH 2 CO), 1 .55 (4H, m, -CH 2 -), 1.18 (3H, s, CH 3 ), 1 .09 (3H,s, 
CH 3 ). 

13C NMR: 174.4, 159.2, 146.7, 140.4, 135.6, 128.1 , 127.6, 125.7, 122.8, 121 .6, 118.9, 118.7, 115.4, 106.4, 52.2, 33.5, 
28.0,26.1,24.2, 19.5. 

35 | R (cm' 1 ): 3030, 3000, 2971 , 1709, 1654, 1610, 1575, 1510, 1483, 1457, 1441, 1360, 1330, 1270, 1141, 1088, 1020, 
915,803. 

UV-Visible (DMSO, (e)): 338 nm, 7,800 M- 1 cnr 1 . 

Elemental analysis: Calculated for C 23 H 24 0 5 N 2 : C, 67.61; H, 5.89; N, 6.82. Found: C, 67.31; H, 5.92; N, 6.60. 
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IIC Synthesis of 6-nitro-N-(5-carboxypentyl)spirobenzoindolinopyran 



[0144] 



R- 

10 



15 
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[0145] 6-nitro-N-(5-carboxypentyl)spirobenzoindolinopyran was prepared by the process set forth in Example IIA 
with 5-nitrosalicaldehyde and N-(5-carboxypentyl)-2,3,3-trimethylindolinium bromide (prepared as described in Exanv 
25 pie IC) to produce 1.23 grams (48 percent yield) of yellow-red crystals, melting point 80-82°C. 1 H NMR, 13 CNMR, IR, 
and UV-visible spectra indicated the following: 

1 H NMR (400.1 MHz) in DMSO-d 6 : 6 8.19 (1H, d, J = 3.2), 8.00 (1H,<4 J = 9.0), 7.21 (1H, d, J = 10.5), 7.08 (2H, m), 

6.80 (2H, m), 6.57 (1H, d, J = 7.8), 5.98 (1H,d, J = 10.5), 3.10 (2H, m, N-CH 2 ), 2.13 (2H, m, CH 2 CO), 1.45 (4H, m, . 

-CH 2 -), 1 .20 (2.H, m, -CH 2 -), 1.18 (3H, s, CH 3 ) V 1 .07 (3H, s, CH 3 ). • 
30 13QNMR: 174.4, 159.2, 146.7,-140.4; 135.6, 128.1 ; .127.6; 125.7, 122.8, 121.6, 118.9, 118.7, 115.4, 106.4, 52.2, 33.5, 
' 28.0,26.1,25.8,24.2, 19.5. t , 

IR (cm" 1 ): 3030, 3000, 2971, 1709, 1654, 1610, 1575, 1510, 1483, 1457, 1441, 1360, 1330, 1270, 1141, 1088, 1020, 

915,803. . # 

UV-Visible (DMSO, X max (e)): 342 nm, 8,400 M- 1 cnr 1 . 
35 Elemental analysis: Calculated for C 24 H 25 Q 5 N 2 : C, 68.20; H, 6.1 6; N, 6.70. Found: C, 68.30; H, 6.09; N, 6.52. 



Step 3: Preparation of Carboxylate Salts 

[0146] Preparation of the carboxylate salts entailed the treatment of an alcoholic solution of the spiropyran with about 
40 1 molar equivalent of NaOEt or KOEt. A representative procedure is described through the reaction of 6-nitro-(N- 
carboxyethyl)spirobenzoindolinopyran with NaOEt: 

IIP Synthesis of 6-Nitro-spirobenzoindolinopyran-N-ethylsodiumcarboxylate 
45 [0147] 
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[0148] In a 50 milliliter round-bottomed flask equipped with a magnetic stir bar and an argon inlet was added finely 
ground 6-nitro-(N-caitoxyethyl)spirobenzoindolinopyran (0.1 00 gram, 0.263 mmol) prepared as described in Example 
II A and dissolved in 5 milliliters of ethanol. The mixture was then cooled to 0°C in an ice bath before adding through 
a syringe 3.0 milliliters of an 8.64 x 10" 2 Molar NaOEt (0.265 mmol) solution. The reaction was stirred for 3 hours 
5 before rotary evaporation at room temperature under high vacuum. Recrystallization from ethanol gave 1 00 milligrams 
of yellow-red crystals of 6-nitro-spirobenzoindolinopyran-N-ethylsodiumcarboxylate (94.6 percent yield), melting point 
202-204°C. 1 H NMR, 13 C NMR, IR, and UV-visible spectra indicated the following: 

1H NMR (400.1 MHz) in DMSO-d 6 : 5 8.17 (1H, d, J = 2.8), 7.96 (1H, d, J = 9.0), 7.15 (1H, d, J = 10.5), 7.07 (2H, m), 
6.83 (1H, d, J = 9), 6.73 (1H, t, J = 7.3), 6.58 (1H, d, J = 8.0), 5.98 (1H, d, J = 10.5), 3.23 (2H, m, N-CH 2 ), 2.19 (2H, 
10 m, CH 2 CO), 1.16 (3H, s, CH 3 ), 1 .05 (3H f s, CH 3 ). 

1 3 C NMR: 173.3, 159.2, 146.5, 140.3, 135.5, 127.7, 127.5, 125.5, 122.6, 122.0, 
121.4, 118.8, 118.6, 115.3, 106.5, 106.4,52.2,36.2,25.7, 19.5. 

IR (cm' 1 ): 3020, 2970, 2923, 1652, 1607, 1588, 1507, 1480, 1450, 1330, 1275, 1218, 1156, 1123, 1090, 1020,910,803. 
UV-Visible (DMSO, ^ ax (e)): 338 nm, 8,400 M'W 1 . 
15 Elemental analysis (High resolution mass spectrometer (HRMS), fast atom bombardment with positive ions (FAB+)): 
Calculated for C 21 H 21 0 5 N 2 : 381 .1451 . 
Found: 381.1399. 

HE Synthesis of 6-Nitrospirobenzoindolinopyran-N-butylpotassiumcarboxylate 

20 . 

[0149] 
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40 [0150] 6-Nitrospirobenzoindolinopyran-N-butylpotassium carboxylate was prepared by the process set forth in Ex- 
ample IID with 6-nitro-(N-ethylpentanoyl)spirobenzoindo!inopyran (prepared as described in Example IIB) to produce 
0.94 gram of red crystals (94 percent yield), melting point 180-182°C. 1 H NMR, 13 C NMR, IR, and UV-vistble spectra 
indicated the following: 

1 H NMR (400.1 MHz) in DMSO-d 6 : 5 8.18 (1H, d, J = 2.6), 7.97 (1H, d, J = 9.0), 7.18 (1H, d, J = 10.5), 7.10 (2H, m), 
45 6.85 (1 H, d, J = 9), 6.74 (1 H, t, J = 7.3), 6.57 (1 H, d, J = 7.8), 5.98 (1 H, d, J = 1 0.5), 3.49 (1 H, m, N-CH), 3.05 (1 H, m, 
N-CH), 1.81 (2H, m, CH 2 CO), 1.32 (2H, m, -CH 2 -), 1.20 (2H, m, -CH 2 -), 1.1 (3H, s, CH 3 ), 1.07 (3H, s, CH 3 ). 
13 C NMR: 174.4, 159.2, 146.7, 140.4, 135.6, 128.1, 127.6, 125.7, 122.8, 121 .6, 118.9, 118.7, 115.4, 106.6, 106.4,52.2, 
42.7,28.0, 26.1,25.8, 19.5. 

IR (cm' 1 ): 3020, 2970 : 2923, 1652, 1607, 1588, 1507,1480, 1450, 1330, 1275, 1218, 1156, 1123, 1090, 1020,910, 803. 
so UV-Visible (DMSO, X^ ax (e)): 342 nm, 8,400 M'W 1 . 

Elemental analysis (HRMS (FAB+)): Calculated for C 23 H 24 0 5 N 2 K: 447.2677 Found: 447.2688. 
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(IF Synthesis of 6-Nitrospirobenzoindolinopyran-N-pentylpotassium Carboxylate 



[0151] 



5 




[01 52] 6-Nitrospirobenzoindolinopyran-N-pentylpotassium carboxylate was prepared by the process set forth in Ex- 
ample IID with 6-nitro-N-(5-carboxypentyl)spirobenzoindolinopyran (prepared as described in Example IIC) to produce 
25 o.54 grams (73 percent yield) of dark red 6-nitrospirobenzoindolinopyran-N-pentylpotassium carboxylate crystals, melt- 
ing point 100-102°C. 1 H NMR, 13 C NMR, IR, and UV-visible spectra indicated the following: 

1 H NMR (400.1 MHz) in DMSO-d 6 : 8 8.17 (1H, d, J = 2.8), 7.97 (1H, d, J = 9.0), 7.18 ,(1H, d, J = 10.5), 6.84 (2H, m), 
; s 6.84 (1H, d, J = 9), 6.77 (1H, t, J = 7.6), 6.55 (1H, d; J = 7.8), 5.98 (1H, d, J = 10.5), 3.10 (2H, fji, N-CH,,), 1.79 (2H, 

m, CH 2 CO), 1 .45 (4H, m, -CH 2 -), 1 .20 (2H, m, -CH 2 -), 1 .18 (3H, s, CH 3 ), 1 .05 (3H, s, CH 3 ).: ; C 
•r 30 13 C NMR: 174.4, 159.2, 146.7, 140.4, 135.6, 128.1 , 127.6" 125.7, 125.2, 122:8, 121.8, 118.8, 118.7, 115.4, 106.4,52.2, 

43.0,33.5,28.0,26.1,25.8,24.2,19.5,14.1. , 

IR (cm" 1 ): 3020, 2970, 2923, 1652, 1607, 1588, 1507, 1480, 1450, 1330, 1275, 1218, 1156, 1123, 1090, 1020,910,803. 
UV-Visible (DMSO, A, max (e)): 342 nm, 8,400 M-W 1 . 

Elemental analysis (HRMS (FAB+)): Calculated for C 24 H250 5 N 2 K: 461 .2424. Found: 461 :2445. 

35 
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EXAMPLE III Preparation of Sulfonate Substi tuted Spiropyran Salts Step 2: Synthesis of 6-nitro-benzo indol'ino 
spiropyrans (BIPS) " 

HIA Synthesis of 6-Nit ro-splroben2olndollnopvran-N-propvl-triethvlammonium sulfonate 

5 ■ 

[0153] 
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[0154] 6-Nitro-spirobenzoindolinopyran-N-propyl-triethyl ammoniumsulfonate was prepared by the process set forth 
in Example IIA with 5-nitrdsalicaldehyde and 2,3,3-trimethylindolinium-N-propylsulfonate (prepared as described in 
Example ID). The product, was recrystallized from ethyl acetate to produce 1.43 grams (52 percent yield) of yellow 
crystals, merting point 188-190X. >l NMR, NMR, IR, and UV-visible spectra indicated the following- ' - - 
NMR ( 4001 "Hz) in DMSO-d 6 :;5 8.27 (1H, d, J A 2.8), 8.04 (1H, d, J = 9.0>, 7:28.(1 H, d, U = 10 4) 715(2H> mV 

fSSI' ru S^i'lu 10 ^' 329 (2H ' l> J = 7 * N " CH2) - 313 (6H ' J = 73 - CH * CH 3>. 2.50 (2H, m.CH^' 
1.49(2H;m,-CH 2 -) l 1.25(9H,t > CH3),1.19(3H,s,CH 3 ),1.16(3H,s,CH3). .' - 

^oTsTSf '^igTsss 35 ' 5 ' 128 ' 1 ' 127 ' 6 ' 125 ' 7 ' 122 ' 8 ' 121 ' 6 ' 121 ' 5 ' 118 ' 9, 1187, 115 ' 4 ' 106 ' 4, 106 - 4 - 522 ' 

,' R J?1 : 3 ° 2 1 2 97 ? ' 2684 ' 2510 - ^52, 1 607, 1510, 1483, 1457, 1333, 1275, 1218, 1156, 1123, 1089, 1020, 916. 80S. 
UV-Visible (DMSO, X max (e)): 342 nm, 8,600 M"W. 



Elemental analysis: Calculated for C 27 H 37 0 6 N 3 S: C, 61.05; H, 6.70; N, 7.90- S 5 94 
Found: C, 61 .30; H, 6.67; N, 7.83; S, 5.86. 
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IIIB 

Synthesis of 6-Nitro-spirobenzoindolinopyran-N-butyl-triethylammoniumsulfonate 
[0155] 

5 




[0156] 6-nltro-spirobenzoindolinopyran-N-butyl-triethylammonlum sulfonate was prepared by the process set forth 
in Example HA with 5-nitrosalicaldehyde and 2,3,3-trimethylindolinium-N-butylsulfonate (prepared as described in Ex- 

25 ample IE). The product was recrystallized from ethyl acetate to produce 0.86 gram (36 percent yield) of purple crystals, 
melting point 208-21 0°C. 1 H NMR, 13 C NMR, IR, and UV-visible spectra indicated the following: 
1H NMR (400.1 MHz) in DMSOrd 6 : 5 8.27 (1H, d, J = 2.8), 8.04 (1H, d, J = 9.0), 7.26 (1H, d, J = 10.4), 7.15 (2H, m), 
6.83 (3H, m), 6.03 (1H, d,.J = 10.4), 3.29,(2H,t, J.= 7.3, N-CH 2 ), 3.13 (6H, q, J = 7:3, C^CHg), 2.50 (2H, m; CH2SO3) 
: 1.49(4H^m,-CH 2 -), ;1.25.(9H l t t CH3) ( i;i9(3H,s,CH3) l 1.16(3H l s I CH 3 ). 

30 13Q NMR: 159.2, 146.7^40.47.135.6, 128.1, 127.6, 125.7; 122.8, 121,6, 118.9, 118.7, 115.4, 106.4, 59.7," 52.2, 42.5; 
33.3, 28.0, 25.8,24:2,22.1m 9.5, 14.0. IR (cm" 1 ): 3020, 2970, 2684, 2510, 1 652, 1607, 1510, 1483, 1457, 1333, 1275, 
1218,1156,1123,1089,1020,916,805. ' ■ 

UV-Visible (DMSO, X max (e)): 344 nm, 9,000 M'W 1 , 

Elemental analysis: Calculated for C 28 H 3 90 6 N 3 S: C, 59.70; H, 6.90; N, 7.52; S, 5.70. 
35 Found: C, 59.64; H, 6.84; N, 7.43; S, 5.62. _^^___^__„ , 



EXAMPLE IV 

[0157] A first wax is made by dispersing 50 grams of the spiropyran 6-nitro-spirobenzoindolinopyran-N-ethylsodium- 
40 carboxylate prepared as described in Example IID and 1 3.6 grams of zinc chloride into 200 grams of POLYWAX® 1 000 
(Baker-Petrolite). This wax and a white wax of POLYWAX® 1000 containing 20 percent by weight Ti0 2 pigment are 
used to make bichromal balls by the method set forth in U.S. Patent 5,262,098, the disclosure of which is totally incor- 
porated herein by reference. The balls thus formed are sieved into fractions, and the 90-106 micron fraction is used 
to make an elastomer sheet. The sheet is made by mixing 5 grams of SYLGARD® 1 84 base, 0.75 gram SYLGARD® 
45 1 84 curing agent, and 5.75 grams of the 90 to 1 06 micron balls; placing the mixture under vacuum to de-aerate; casting 
the mixture into a 0.01 2 inch sheet; and curing at 90°C for 2 hours. After curing, small subsheets are cut out and soaked 
in ISOPAR® L with anhydrous calcium sulfate overnight. 

[0158] The subsheets are made into displays by mounting them between two glass plates coated with indium tin 
oxide. The surface of the glass plates with the indium tin oxide coating is placed on the inside adjacent to the subsheet. 
so in the final test display, the components from one side to the other are glass plate #1 , ITO coating on glass plate #1 , 
soaked subsheet, ITO coating on glass plate #2, glass plate #2. 

EXAMPLE V 

55 [0159] The process of Example IV is repeated except that the spiropyran 6-nitro-spirobenzoindolinopyran-N-ethyl- 
sodiumcarboxylate is replaced with the spiropyran 6-nitrospirobenzoindolinopyran-N-butylpotassium carboxylate pre- 
pared as described in Example HE. 
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EXAMPLE VI 

[0160] The process of Example IV is repeated except that the spiropyran 6-nitro-spirobenzoindolinopyran-N-ethyl- 
sodiumcarboxylate is replaced with the spiropyran 6-ntrospirobenzoindolinopyran-N-pentylpotassium carboxylate pre- 
pared as described in Example IIF. 

EXAMPLE VII 

[0161] The process of Example IV is repeated except that the spiropyran 6-nitro-spirobenzoindolinopyran-N-ethyl- 
sodiumcarboxylate is replaced with the spiropyran 6-nitro-spirobenzoindolinopyran-N-propyl-triethyl ammoniumsul- 
fonate prepared as described in Example IIIA. 

EXAMPLE VIII 

[0162] The process of Example IV is repeated except that the spiropyran 6-nitro-spirobenzoindolinopyran-N-ethyl- 
sodiumcarboxylate is replaced with the spiropyran 6-nitro-spirobenzoindolinopyran-N-butyl-triethylammonium sul- 
fonate prepared as described in Example NIB. 

EXAMPLE IX 

[0163] The processes of Examples IV through VIM are repeated except that the white wax containing 20 percent by 
weight Ti0 2 pigment is replaced with a black wax of POLYWAX® 1 000 containing 20 percent by weight F-6331 pigment 
(FerroCorp.). 

EXAMPLE X 

[0164] Preparation of 17 micron bichromal spheres wherein one hemisphere is a white surface coated with poly * 
(trifluorethylmethacrylate) and the other hemisphere is a surface having a spiropyran and chelating agent thereon, and ■ 
• wherein the resin is a polyester resin, the white pigment or whitening agent is titanium dioxide, and th6 spiropyran <is 
1 6-nitro-spirobenzoindolinopyran-N-ethylsodiumcaiiDOxylate prepared in Example 11^ V' ■ 

Step 1: Preparation of White Monochromal Spheres 

'■ [0165] 50 grams of the sulfonated polyester resin copofy(propylene-diethylene-terephthalate) 
copoly(propylene-diethyiene-5-sulfo-isopthalate) prepared as described in Example I of U.S. Patent 5,593,807, the 
disclosure of which is totally incorporated herein by reference, is hydrodispersed in 250 grams of water at 60°C. The 
resulting polyester emulsion is then cooled to room temperature, about 25°C throughout, and to this emulsion is added 
1 0 grams of a titanium oxide dispersion in water (said dispersion containing 50 percent by weight titanium oxide solids; 
available from Sun Chemicals). The resulting mixture is then homogenized at about 1 ,000 rpm with the slow addition 
of a 5 weight percent magnesium chloride aqueous solution (50 milliliters), and the resulting mixture is then transferred 
to a 1 liter kettle. The mixture is then stirred at 200 rpm and heated to 55°C overnight, about 1 8 hours, to yield about 
50 grams of monochromal white spheres of 17.6 microns in volume average diameter as measured using a Coulter 
Counter, and with a geometric size distribution (GSD) of 1.13. 

Step 2: Surface Polymerization of the White Monochromal Spheres 

[0166] To 1 0 grams of the white spheres prepared above in Step 1 in 1 00 milliliters of water is added 0.25 grams of 
cerium ammonium nitrate and 1 milliliter of a 1 Normal solution of nitric acid. The resulting mixture is stirred for 3, hours 
followed by filtration of the white spheres and resuspension of the spheres in 1 00 milliliters of water. To this suspension 
is then added 0.25 grams of potassium persulfate, 0.25 grams of sodium bisulfite, and 0.5 grams of triflouroethyl 
acrylate. The resulting mixture is then stirred for three hours at room temperature (about 25°C) : and the resulting 
surface grafted monochromal spheres are then filtered, washed with water, and re-suspended in about 1 liter of water. 

Step 3: Coating of Spheres on Glass and Thermal Vapour Deposition Using Spiropyran and Chelating Agent 

[0167] The monochromal charged white spheres resulting from Step 2 are then uniformly coated as a monolayer of 
a thickness of less than about 500 nanometers, such as about 400 nanometers, on a glass slide substrate by Langmiur 
Blodget techniques and left air drying for about 18 hours. The spheres are then subjected to vacuum, such as from 
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about 0.0001 to about 0.1 mmHg, and then sublimed with the spiropyran 6-nitro-spirobenzoindolinopyran-N-ethylso- 
diumcarboxylate prepared as described in Example I ID, said spiropyran being admixed priorto sublimation with calcium 
chloride in a molar ratio of 5 moles calcium chloride per every one mole of spiropyran. The resulting bichromal white/ 
spiropyran spheres have nearly equal portions of spiropyran and white coverage. The 0.3 micron thick spiropyran layer 
5 has little affect on the ball diameter, which remains at about 17 microns diameter. In this Example, the fluoroacrylated 
white side of the ball is believed to be negatively charged and the spiropyran coated side of the ball is believed to be 
positively charged. 

Step 4: Fabrication of a Display Sheet 

w 

[0168] A display sheet is fabricated from the bichromal spheres prepared in Step 3 by (1) mixing 50 grams of the 
prepared bichromal spheres with 50 grams of SYLGARD® 185 silicone elastomer it available from Dow Coming; (2) 
forming a sheet by spreading the mixture on a glass plate surface and with a metering bar such as an 8-Path Wet Film 
Applicator (available from P. Gardner Company) with a gap of from about 20 microns to about 500 microns, and 

is crosslinking the SYLGARD® elastomer sheet by heating it to a temperature of from about 80°C to about 1 00°C for a 
duration of from about 3 to about 24 hours; (3) plasticizing the sheet by immersing it in a vessel containing a suitable 
oil such as ISOPAR® L in an amount of from about 50 to about 500 milliliters to form oil-filled cavities within the sheet; 
and (4) removing the sheet from the oil vessel and sealing it between addressing plates of MYLAR® with a thickness 
of about 5 to about 15 microns, or indium tin oxide glass with a similar thickness. 

20 [0169] Other embodiments and modifications of the present invention may occur to those of ordinary skill in the art 
subsequent to a review of the information presented herein; these embodiments and modifications, as well as equiv- 
alents thereof, are also included within the scope of this invention. 



25 Claims 

1 . A display comprising an arrangement of a plurality of optically anisotropic rotatable elements, each of said rotatable 
elements having a surface in contactwith an enabling fluid, said rotatable elements being electrically dipolar in 
the presence of the enabling fluid: and thus'being subject to rotation upon application of an electric field, said 
30 rotatable elements being free to rotate in place but not free to translate substantially so as to disrupt the arrange- 

. ment of rotatable elements, wherein a first portion of said surface contains a mixture of a chelating agent and a~ 
spiropyran' material of the formula 
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N0 2 
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15 

wherein n is an integer representing the number of repeat -CH 2 - units and R is -H or -CH=CH 2 , and wherein a 
second portion of said surface contains substantially no spiropyran. 

20 2. The display of claim 1 wherein the spiropyran material is of the formula 




35 

wherein n is an integer of from about 2 to about 8. 



3. The display of claim 1 wherein the spiropyran material is of the formula 

40 

N0 2 



45 



50 




wherein n is an integer of from about 2 to about 8. 

55 

4. The display of claim 1 wherein the spiropyran material is of the formula 
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or 




5 - »^^^ars^^^^^-."~---- 

6. The display of claim 1 wherein the chelating agent is a metal salt in the +2 state. 

7. The display of claim 1 wherein the rotatable elements are encapsulated within microcapsules which also contain 
the enabling fluid, and wherein the microcapsules are dispersed in a substrate. 

8. The display of claim 1 1 wherein the rotatable elements comprise a core and a partial coating on said core wherein 

9 ' ft wT 88 r iCh C ° mpriSeS (a) Pr ° Viding 3 display accordin 9 10 claim 1 : ( b > applying to the display an electrical 
,eW thereby causing a first population of said rotatable elements to rotate so that said first portion s^en ed 

rSEilT" H n ?K CaUSin9 3 SeC ° nd P ° PUlati0n ° f Said rotatable e,ements to « that said second poS 
« onented toward the v,ewer; and (c) exposing said display to radiation at a wavelength effective to cause Z 

sz™; e r* portion of at ,east some — ° f - - » - * 

10 \^l Ce a ti° f f m 27 ?r in Subsec ' uent t0 ste P < c ). ^display isexposedto radiation atawavelength effective 
to cause at least some of the rotatable elements containing the material in the merocyanine form to shift back to 
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